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JAMES H. STRATTON, 


Public Law No. 280 Congress, 
Session, approved December 28, 1945) disclose that only an Isthmian sea-level. 
canal will meet the future needs of interoceanic commerce and national de- 
fense. The broad phases of the studies leading to this conclusion are de- 


ics scribed in this paper. Various engineering features of ‘the studies of the Tec- 

ommended sea-level canal are deseribed more in the other papers of 

_ The Canal Zone offers the most economic site for either a lock or a sea- 


a  teieit Isthmian canal. The present lock canal could be improved at a cost “4 
$129, 983, 000 to meet the needs of commerce for the remainder of the tw entieth i 


. 


century. lock canal designed to meet the future needs of commerce 
oe constructed to have the maximum security feasible in this type of canal would 


See: require new locks and strengthened summit lake impounding dams. It would , 
307,686,000 and would still be deficient i in n resistance to modern 


| 


-more than a few weeks. Navigation: would be in the sea- 
even n though: tidal currents W were not regulated. tidal 


of the as an open In the to the 
—tidal-regulating structures, the gates of the navigable pass could be removed 
quickly: and the canal could be operated thereafter as an open waterway. — 
aes a Serious slides could be prevented by appropriate flattening ‘of the slopes i in cut. io 
ie 4 _ The entire excavation to effect the conversion to a sea-level canal would be 
completed i in advance of conversion; the major part would be in the dry. 
of the wet excavation would require the use of special dredges working 
a depth of ‘145 ft. Construction interference with canal traffic would be 
days w when the summit lakes are lowered. _ 


Panama canal be constructed in 10 years and would cost 


to promote a across the Isthmus of the provide : a 
eee me ground of romance and color to the ae of actual construction w oe apne 
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co lock canal could not be destroyed by enemy attack or sabotage. Only the © 
rigabl ld be provided. The opening of the gates 
lock and a navigable pass wou p 
th 
p 
“Raval 
— 
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n 1882 with the initiation of work on a sea-level canal at Panama = the firs 
; poy: Canal Company . After years of effort and Mounting adversities when. a ¥ 
funds had run low, the French changed to the less costly high- level lock « canal. Pr 
2 ot Because the French believed that a sea-level canal ultimately would be nec- oad 
essary, Plans for the locks were drawn to facilitate the transformation. The ee a 
* chapter of the story dealing with the French construction ended with financial — : 


failure and the all interest in in the Panama Canal 


opening chapter of the tale of construction of the Panama Canal by 
; the United States is one of controversy over the type of canal to be built. The ‘Tae t 
% 4 records disclose that the selection of the lock canal was based on the advantages a 7 
ee offered i in the earlier completion ata lesser cost.2 The issues entering into the i i 


IAL NE 


i 

fe. ‘ ection have a particular interest nc now, in the face of the challenge presented ~) a : 

by the “bl “blockbuster” bomb, the guided missile, and the atomic bomb. When 
ee the present canal was planned the critical forms of attack were envisioned as ig ae 

d. he hay naval gunfire « directed against the locks and enemy forces moving overland to es 
— 
‘aa a: e Seventy-ninth Congress. expressed the temper r of present concern for aan 


the security of the canal by Passing Public Law No. 280 which was approved 
by President ‘Harry S. Truman on December 28, 1945, ‘and which provides: - 4 


' . a “Be it enacted by the Senate and the House of Representatives of the é. 
= United States of America in Congress assembled, That the Governor of the 

_ Panama Canal, under the supervision of the Secretary of War, is hereby © omg 


7 
wey 
7% 


of the to meet needs of interoceanic 
commerce and national defense, including restudy of the construction of 

ae additional facilities for the Panama Canal authorized by the Act approved 4 a 

a August 11, 1939 (53 Stat. 1409). He shall also make such study without ae 

F : drafting plans or sketches as he may deem desirable to permit him to de- ae 
a3 _ termine whether a canal or canals at other locations, including consideration — La 


ag of any new means of transporting ships across land, may be more useful to 
meet the future needs of interoceanic commerce or national defense than 
ean the present canal with improvements. He shall report thereon to the 


ane 

= 
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™ 
Congress, through the Secretary of War and the than 
COMMERCIAL TRAFFIC 
OVER 300 TONS - a 


PERCENTAGE 
at Philadelphia in studies which were made for use in the 
- investigations under Public Law No. (280. Fig. 1 records past traffic 


ete jer Before the war the ‘ “tolls- free” traffic, consisting largely « of vessels owned 
operated by the United States, accounted for about 15% of the entire 
: traffic. In 1945, the peak wa r traffic year, , this rose to 78%. Predictions of 


4 


future daily traffic are presented in Fig. 2. Since the canal was opened in 
SEN 1914 it has transited 198,000 ships of which 142 ,000 were t tolls- -paying com- 
mercial craft. The ‘percentage ‘distribution o of transits and tonnage is illus- 
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War traffic through the « canal in the tel from (1941 1945 totaled 


i nearly 17,000 transits. Had there been no canal dui ng ‘this period, it is esti- * 
ated that the increased ship- -operating costs the cost of ‘additional 
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year 


as a factor in the of nations, so 
will use of the Panama Canal be sought by merchantmen and vessels of — Sa: 
war. And so long will the Canal as a waterway remain essential to the 
ome United States. * * * No Panama Canal would exist today to pass great 
ships from ocean to ocean had it nor been for vision which saw beyond the 
oa _ limitations of existent realities. The hope for a more ordered future * 
lies in similarly {transforming present: difficulties through enlighten 
‘THe PANAMA Canat As Ir Is Tomar 


fy 


the benefit of water supply for lockages, flood control, and ; pow er generation 
- A plan and profile of the existing canal are shown in Figs. 4 a nd 5. It is | 
- timated that by about 1960 the capacity of the canal will be inadequate to 


Secommodate traffic without inflicting undesirable delays on peak traffic days. 


Se for the addition of the Madden Dam on the Chagres- River in 1935 oe: 


Se: a“ BA Panama Canal j in Pence and War." ’ by Norman J. Padelford, The Macmillan Co. 
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ion. As Norman Padelfor than commerc otection 
* the Pan 1 defense, a l influence.” ial part of the 
of na of na mater ~ 
q a focal re, an t so long as any 
f the Hemisphere, fe to say tha 
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The delays ¢ thereafter will become more serious with the further growth of 


traffic unless additional capacity is provided. 4500 ‘a 


a ‘Testricting effect of the small locks ‘(width 110 f, length 1, 000 f ft) of 


proach of war and, in 1939, Congress directed the construction of a third. set 
of locks, 140 ft wide and 1, 200 ft long, orbs was then thought wane be | 


adequate f or all future needs. 


? om in 1942, when it became apparent that the new locks could not be completed 

we before the end of the war because of conflicting | demands for men and materials. " 

¥, At that time, excavation for the Gatun and Miraflores Third Locks had been 

substantially completed, but excavation for the third lock at Pedro Miguel 

and work on actual lock construction had not commenced. Of the authorized 


of $277, 000,000, approximately $75, 000 was spent. 
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ane mercial shipping for the remainder of the twentieth century except for ' ships of 
ee the “Queen” « class which do not, and ordinarily would | not, use the sea ea route 


through | the canal. limiting effect of lock size on the passage of naval 


‘ships is rr to Kasei ‘more stringent in the future than it is at 


pe] & 


7 


, 


@ 
| 


i=: 


‘ 
— 

ol 
Th 
 his 
a 
" 494, 76th Cong., Ist Besson 


April, 1948 449 
‘The individual silien of the present canal ‘periodically ; are taken out of | 

1 seth a lane at a time for overhaul, thus the dependable or firm capacity of — 
the canal is not that established by the twin lanes of locks but is that estab- 
_ lished by the single lane locks available in the extended periods of overhaul. e 
. Occasional night fogs require closing Gaillard Cut to traffic after midnight in 
Pe the rainy season. a: he locks are overhauled in the dry season when round- the- : 


e: clock operation of the canal i is is feasible, thereby avoidiig the reducing. effects of 


: of 
acity. 


NEEDS 


ee into” expected future ship transits by the engineering staff em- 
ployed on the studies by taking into account the trends in ship sizes, the | 

expected character of future cargoes, and the expected proportion of transits | 
i _ under full and partial load, and in ballast, as. evidenced by past experience, a 


- Thus, the e transportation of 87, 770, 000 long tons of commercial cargo e estimated 


rr, 


4 the year 2000, commercial and tolls- free ee traffic wi would average 4 46 
iq daily. . On ponk' traffic days 69 transits could be expected. They year 2000 was” 
selected to establish the period during which future traffic ‘needs 
if any 1 major construction or reconstruction i 18 undertaken. 


using the. present 
(which is the size now yw recommended by the Navy to meet its future needs), it 3 
would take 29 lockages to effect the passage of the 69 ships. 


E - canal to enemy attack and sabotage. if the needs of national defense are to 
be met, the canal must be made secure against attack and sabotage. Si ee 
Mew measures offering” effective ‘resistance to the penetration of defenses 
_ by rockets and guided missiles have not kept pace with the development of be a 


x offensive. weapons and indeed the ¢ prospects, for the future, of the defense are 
(80 gloomy it appears that the historic pattern of war may never be restored. AS a 

‘The advantage now lies’ entirely with the aggressor who. undertakes to destroy 
» a 4 “his enemy’s ability to wage war by the wholesale destruction of his population 


and of his instruments of war before he can employ them. Thus, to live as a_ , 


~ nation the United States must shield its own vital weapons so that it can ie 


to Prevent of any initial | advantages the enemy 


a 
a 
estimated f yr the fut the nea load f 60 ching realized with 4h Wes 
Although no one can say what course World War II would have taken had 
arly Japanese followed up Pearl Harbor (Hawaii) withanattackonthe Panama 
eted Canal, it is now clear that the locks could have been destroyed and the canal 
rials. emptied into the sea had an attack been made‘and the defenses penetrated. 
been The development of larger bombs and new weapons of both conventional and 
iguel atomic ¢ vpnes n Pearl Ha rbor lea res no do bt as to ne vulnera hilityw of the 
rized 
com- 
route 
naval 
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PACIFIC ENTRANCE 


TIDE +11.54 
LOW TIDE 


war industries be 80 that 
the would not be hopelessly if attacked. 
‘The penetration of canal defenses by rockets, guided missles, or robot. planes 


loaded with powerful conventional or atomic launched from the 


a the needs of national defense are to be 1 met, steps must be taken to waht 
—e canal secure. No matter how resistant to attack the canal is made, how- 7 
ever, an alert and modern defense i is 1 needed to warn the enemy that an attack M4 
will be costly i in men and material, to prevent its capture, and to keep the enemy hi 


m in transit and i in making havoc of the | 


+ from having a a free hand in eee shi 


“all the canal the existing locks and dams cannot 
: be. strengthened sufficiently to give them equivalent protection. any lock 
i: is breached and Miraflores Lake or Gatun Lake i is lost, the canal would be closed — 
= for months or even years for repairs and for the restoration of the lost lake. In 
ee the light of the threat of present weapons, the Third Locks Project would 
ke provide for only the peacetime needs bes commerce, which, if that were the sole 
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of 
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TIDE RANGES 
HIGH TIDE ¢1.86 


Panama Lock 


rr century could be met by the elimination of lay-up of the locks for ove 
haul and by overcoming fog i interference with traffic. The first of these i is the 


taken every 2 years, alternating between the Atlantic (Gatun Locks) and 
Pacific Locks (Miraflores Locks and Pedro Miguel Locks). While one lane 
€ locks is under repair, the adjacent lane of | locks i is kept open t to traffic; thus the es 
BS railability of only a single operating lane of locks at one end or the other of | ie 
; _ the canal, during the period of overhaul (about 4 months), establishes the de- am ts 
?p pendable canal capacity. __ Repairs are made in . the dry season when there i Is ‘ane : 
: n no fog, and the canal is then operated 24 hours daily instead of 16 hours p per rr a 
ay as is the case in the Tainy season when fogs are of Trelatively frequent 
oceurrence | after midnight. Round-the-clock operation and careful scheduling 
of transits make ‘it possible to hold the e reduction in in capacity | due to overhaul 
of the locks to less than one half of the normal operating capacity of the canal. 
Ss Repairs to the lock gates and their mountings, and to the operating ma- a ‘a 
¢hinery and the filling culvert valves and ‘fittings, are undertaken with the 
chamber dewatered, as are 


ee per day. Each lock is now overhaul 


as are > the ¢ cleaning and painting of all underwater 


providing n new ‘mountings: of a special type and new type 
E - lock gates having buoyancy chambers to float them out and into position, thus 
flecting replacements in the matter of fe few hours. Repairs to would 


-— 
air, 
emy 
‘ 
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and certain channel raise the dependable 


“canal to 65 ships per 


the rainy 


break) require closing the canal to traffic during these hours, Various methods 


“indications are that they would be too expensive for dispersing fogs in “he 
canal. ‘Developments i in electronic aids to navigation offer the prospect « 
% cheap and fully : reliable method of passing ships through a fogbound restrict od ‘ 
By the time traffic demands re require 24-hour operation of the canal, 7 
these devices will be considerably improved and undoubtedly can then be 
adapted to the canal needs to increase its dependable capacity to 70 ships, 
which w would be adequate for the remainder of the twentieth century. ae. : 
The cost, of the various improvements to extend the life of the present = 
; x ane canal in the interests of commerce only would be $129, 983,000. Any ex 


vik penditure i in excess of this amount can be justified only | by th the requirements 


A New Lock Cawat 


a meet the needs of national defense could not be attained through the rein- : 
s a forcement of the locks of the present canal, this conclusion of itself did “5 
‘a 


eliminate the ‘possibility of its attainment by the complete reconstruction of 
Bias he existing lock canal or by t the construction of a new lock canal elsewhere. — 


survey of available reports of previous explorations and | investigations 
703 and the current studies revealed thirty lock canal Toutes of which many are— 


merel alternate alinements of well- known routes: 6 


-Greytown-Brito 


ee Jus uan del Sur 


ay 


8. Army Interoceanic Canal on ‘Panama Canal ane 
1932,” House Document No. 189, 72d Cong., 1st Session, 1932. _ bas 


if 


overhaul 
sity of th 
— 
Tin 
— 
= 
2 
* 
93 
— 
5 
a 
30 
Ey 
by 
a] 
— = 
.... Chorrera-Limon Bay Alternate sea-level ror 
— 


2 
Panama Canal, route of the present ca 


Caledonia Bay routes 


Panama and Columbia; ‘Tuyra River Routes 


Tupisa-Tiati-Acanti 


Cacarica-Tuyra 


_Atrato-Peranchita-Tuyra 


Colombia; -Atrato River Routes— 
Atrato- 
Atrato-Napipi-Doguado 
Atrato-Bojaya 


we 


on ‘existing maps, supplemented in some cases 


by field and air reconnaissance, resulted in narrowing the choice of routes for 


be lock canal to the eight listed in Table 1 and shown in Fig.6. ion 
TABLE 1 -—CoMPARISON OF Lock CaNat | Routes 


Chan- |Eleva-|__ 
nel | tion | Lock 
exca- of | lifts 

_|vation® | sum- | per 
(million}] mit lane? 
cu yd) 


Tehuantepes 3, 360. “50 “10 13,280 Eliminated because of higher cost.¢ _ 
Nicaragua . . hi  § apa 110 | 2 3,566 | Eliminated on the same basis as route 1.¢ 
Chi ..../ | Eliminated because of 
Retained for final study. 
Eliminated because of excessive cost. 
Eliminated because of excessive cost. = 
Tuyra River| 135 ....4 | Eliminated because of excessive cost.¢ 


None of the si seven lock canal at 
compensating - -advantages- in additional security or in savings: ‘through th 
-thortening of trade routes over the Panama lock canal route. 

; ‘The plan of development used in the comparative lock canal studies ¥ was the ss 


same in each case and i is as | described i in the next section for a modernized lock — B 
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ent 
ein- 
not 
n of 
rere. 
ini 
ii 
— | 
— 
an _ deep below low water level. ¢ Two lanes of locks in each route, the lock chambers being 200 ft wide, _ ia if ioe Eng 
(1,500 ft long, and 50 ft deep. After full consideration of shipping benefits from shortening trade routes. 
Details not developed. ¢ Excessive excavation. * Notestimated. 7 
.—l 
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On 


Vunon 


1a. 6.— 


grouped a Miraflores 


tion and saa create an anchorage area at the head of the Pacific locks that _ - Ta 
vi would facilitate the dispatch of vessels through Gaillard Cut. A similar ar-— 


ivmde of the Pacific locks was proposed by Adolphe Godin de Lépinay in ~ 


= 1879 and was nae by the late W. ‘L. Sibert, M. . ASCE, in in 1908. Colonel — 


: — tions have since been found satisfactory for locks with | full lift to summit level. aie 


a Two ) dispersed locks would be provided at Gatun and Miraflores with as 
_ By) raising Gatun Lake 

El. 92, from. its maximum El. 87, additional | storage for lockage 


water would be provided. This augmented water supply would not meet 

-_‘lockage demands until the year 2000 and supplementary pumping from the hesea ia 


a _ The dispersion of the locks wi their armoring with concrete and steel to : 
aah the lock machinery and the culverts w 


- highest practicable degree of protection. — The lock gates do not lend them- oe 
selves to protective treatment, except against the lightest type of aerial bomb. = 
Howe ever, multiple sets of gates, well dispersed, would i increase the 2 difficulties Rat 4 
dissipating Gatun Lake. Certain of the gates would be housed in protected 
‘recesses when not in use. - ‘The closure dams adjoining the locks at Gatun and 


; Miraflores would be of massive earth construction. > The Gatun Dam pena ‘ihe 


pas, 


would be channeled in the rock abutment for maximum protection. 

The cost of such fully modernized lock at Panama ‘would be 

Security considerations restrict public evaluation of the protective in 

telation. to the various weapons that could be e employed i in an attack. . It can 
be stated, however, that the lock canal cannot be ‘made resistant either to 
atomic bombs or to modern conventional weapons. best the protection 

: that could be provided a lock canal would only increase the difficulties re ndering 

a it useless. The modernized locks could be breached by a determined enemy 


and the canal could thus be closed to traffic for the period required for —. rine 
struction and for the capture of the tributary runoff to restore the summit 


lakes, which might require as much @ as 4 extent of damage and 


me manner as were the lock canal routes, to va thet eight in Ta Table 2, which 
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= on emp Oy difficult if no rity to me 
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the principal features, quantities 3 of excavation, and the 
. The Panama route (Fig. 7) is the least costly | and has the additional 


TAB —CoMPARISON OF ‘Sna-Leven Canal ‘R 


Elevation Channel 


of divide | 
at 


excava- 
tion® 
| (million 
cu yd) 


7 


cost? 
(million 


dollars) 


(5) 


812 | «6,130 | ... 
| 760 | 


Eliminated because of excessive cost. 7 ac: 4 
Eliminated because of excessive cost./ _ 
Eliminated because of height of divide. 
Retained for final study. __ 

Eliminated because of excessive cost. 
Eliminated because of excessive cost. 5 
Eliminated because of excessive cost./_ 


Eliminated ‘because of excessive cos 


Tehuantepec... 
Nicaragua 


4, 132 
504 


6. | feet above mean sea level. » Channels are are 600 wide a ata ‘a depth of 40 ft: and 60 
ie low water level. 4¢ Exclusive of tidal regulating structures, except at Panama. *¢* Not ae 


4 
Tuyra River.... 


Atrato River .. 


ry 


we ‘ 


t 


These installations would have to be 


plicated at 
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PLAN OF or a Sea-Leven CANAL AT Panama 


ee _ There a are numerous possibilities for a sea-level canal in the Canal Zone asa 
a and i in in the immediate vicinity ;” the more favorable of these are shown i in Fig. 8. 


» 


The route that would cost the least and have other - outstanding advantages — 


is designated the Panama sea-level conversion route, since it follows generally 
the alinement of the present lock canal. The distinctive feature of a canal 4 es 


4 


on the conversion route is that its construction would involve lowering the #3 
present canal to sea level, whereas this would not be the case if either the 
Panama or one of the Chorrera canals were constructed. 


7 


“Routes | 
2 CHORRERA- LIMON BAY 
CHORRERA-GATUN 
4 PANAMA PARALLEL 


ee In the Gatu Lake area, t the Panama parallel canal would be scoala 6 
_ from the existing lock canal by a barrier dam constructed from spoil material Did 
from the excavation for the new canal. From Gamboa south 1 to Balboa Harbor ee 
it would follow an alinement separated from the present canal. ‘Thus, the 
c Panama parallel sea-level canal would be completely independent of the lock — ; 
canal and, as would be the case if the Chorrera- Lagarto canal ul were constructed, a 
both the existing canal and the 1 new canal could be maintained and operated = 
this were thought necessary. There are no reasons arising either from capacity 
security considerations that would justify the additional $800,000,000 for 


Pa a a parallel sea-level canal, Anyo one of the Chorrera 1 routes would 


"The alinement of the present canal and that of the proposed 
= vel conversion canal would be sufficiently separated at several beaches to make — 
to construct a substantial part of the latter in the thus. avoiding 


a 
= 
oa 
| 
— 
— 
— 
any 


interference with canal o The improvements introduced 
ee. in 7 conversion route would s shorten the canal by 5.2 miles. 


Ets “wees The channel of the Gaillard Cut in the present canal 3 is deficient i in width — 


es in in in mind in designing the sea-level 
Currents u up to 4.5 knots would be induced in a sea-level canal at 

| without tidal control by the Pacific ti tides which have a a range up to 20 ft. 
pet - Atlantic tides have a maximum range of 2 ft and would cause currents of 0.5 ns 
oie knot if the Pacific tidal effects were eliminated by scree works at the Pacific a 


In ‘establishing the design of the sea-level channel, a world- wide survey 


oe ‘was made of comparable channels and canals. Several waterways having char. 


acteristies similar to the Panama sea-level canal, including the sea-level canals 
at Suez (Egypt) « and Cape Cod (Massachusetts), were visited by m members of the 
engaged on the studies. In addition, model investigations were made for 
- The Panama Canal by the United States Navy at the David Taylor Model 
- Basin at Carderock, Ma., , to determine, for both the lock and sea-level canals, 
the width, depth, and alinement requirements. For the sea-level channel 
determinations, various widths and depths of channel using both straight and 7 
_ bend channel sections were tested with currents up | to 5 knots. _ Self-propelled, 
-remote-controlled. ‘models of typical ships that transit the canal, “operating at 
a wide range of ship ‘speeds, were employed in testing the channels. ene = 
= Two-way traffic of most of the ships that would be expected to transit the 
‘canal could be accommodated in a channel designed for the safe meeting of a 
standard “Liberty” ship by the largest naval | craft or the largest commercial — 
now afloat. The meeting and passing of the largest present-day 
craft and commercial vessels would be unusual and could be avoided by special 
transiting arrangements similar to those now in effect. Similar arrangements 
could be made for the transit ¢ of the largest ships expected to be built during the 
In of considerations = ‘the recommends tion of the Gover nor 


‘Pia 


; 


have. to be cleared ‘from the « channel. the result of the 


vas concluded that all shipping could safely transit the proposed Panama sea- a 
level canal at any condition of current that would obtain up to the maximum 3 


of 4.5 knots; only an oceasional unwieldy or low powered ship would be held — 
for mean tide to avoid currents. Tug assistance could be 


<4 
Wansiting arrangements for such ships are in effect to avoid their encountering 
a ee other ships in the cut. The delays and the inconveniences resulting from the af | 1% 
special handling of this type of traffic have not thus far been seriously objection- an 
a 
a 
iis 
a 
the channeil was designed for safe navigation in currents up to 4.5 
nots. _ te mada v reason of the fact that the'structures for the _ 
i 


provided such ships to avoid delays and to provide increased safety of 

The channel standards adopted as the result of the model studies and other oa a 

oe are given in Table are the standards of the 


when thought necessary. 


P be 


aif 


Mini- Maxi- 
(miles) | (degrees) | (degrees) | canal 
Present Panama lock canal.....| 42 | 300 | 13860 | 06 | | | 117 © 
Modernized Panama lock canal .| 65 | 500 | 28400| 06 | | | 125 
Ge sea-level canal........- | 86800] 15 | 26 | 17 | 25 


au This applies to Gatun Lake; in Gaillard Cut the maximum an le is 30°. 


als The ‘survey of the world water ways disclosed that channel dept 
considered inadequate and that better er ship controllability would 
for result with more water under the keel. Carderock tests fully confir med 


the latter. conclusion. The lesser depth proposed for the projected lock canal 4 

from the lesser ship speed (8 knots) that would be prescribed in 

channel of a lock canal. A. ship speed of 10 knots 1 was ‘used to estab- 4 
_ lish the depth of the projected sea-level canal. The» width of channel is ~~ 


- erenced i in 1 each case to the 40-ft it depth | below the low water surface, which ap- - By 
proximates the draft of the large vessels of the future. This depth also e estab- 
Takes the point of revolution i in setting bank slopes, thus minimizing variations a ; 


the surface width of the channel arising from differences i in the slopes, which 


results of the ‘model tests were interpreted with the assistance of the 
x E United States Navy and the pilots of the Panama Canal and of the Cape Cod = 


Canal. . The advice and counsel of the Panama Canal pilots on all problems 


dealing with navigation were invaluable i in 1 the conduct of the studies. 


George B. Pillsbury,? M. _ ASCE, has developed a procedure for computing 
= currents i in sea-level canals which, when applied to the proposed Panama sea- om 

| : ; level canal, yielded results that were closely confirmed by Boris A. . Bakhmeteff ‘a As 
Hon. M. ASCE, by independent computations and by model investigations. 
Ps A model of the proposed sea-level canal at an undistorted scale of 1: 100 os 
provided methods of accurately determining conditions of flow in 

_ trolled waterway at all ranges of tide, of establishing the design, and of testing Pale 


the tidal-regulating structures. The maximum velocities in the unregulated — 2 


WE 


*“Tidal Hydraulics,” by George B. Professional Paper No. 34, Corps of Engineers, U. 8. 
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canal 60 ft deep a: and 600 ft at, 40- at ve yerious Pacific tides as 


a as puted and as 3 observed i in the sea-level canal model are given in Table. 4 
VELOCITIES TABLE 5. SCHEDULE OF NAVIGABLE Pass_ 


= = 4 
VELOCITIES, Hours | per Day TuaT THE NAvIGABLE Pass 
UNCONTROLLED sible Bg OPEN FOR RANGES 0 
[tides are Ob > Co (nots) | = 
served | puted 10 ft 13 ft | 16f | 


ON FoR THE Canat 


resident Theodore Roosevelt in 1905 t to consider various plans for a canal at a 
— prepared by the Isthmian Canal Commission i in voting for a sea-level 


The [sea-level] the Board for the Isthmian transit 
will have twin tidal locks near the Pacific terminus, which if disabled, one — 
gi: or both [by enemy attack or sabotage ] would still be usable (after removal is 
phe of wreckage) for a part of each day (the period of spring tides) in each — 
So. lunar month, and probably throughout the whole twenty-four hours the — 


ofthe lunar month (neap tide)? 
If tidal regulation were to be omitted, occasional ships would to 
held at the canal entrances for a favorable tide, or tug assistance would need to 
be provided for their transit. The Carderock tests and e experience in other 
Ww waterways are conclusive i in demonstrating 1 that relatively few modern ships — a 
would require special transiting arrangements; the majority, having g reliable 
cAa power and rudder control, would be capable of transiting the Panama sea- arcade 
- eanal safely in currents up to 4.5 knots . Nevertheless, because of the serious — 
consequence of collisions with the canal banks (which would be largely of rock), 
it was decided to provide tidal regulation for added safety to shipping. _ The : 


of tidal regulation as the result of bombing of ~ structures is is 


were to be damaged by. thee enemy, , then the canal would 
ee either have to be closed for Tepairs or the structures cleared from the channel — Br 
to permit us use of the canal ai as an 1 open waterway. In the latter "case, there would 


= 
— 


4.5 Prolonged closure of the ‘canal fo for repairs would t 
intolerable, which suggests that the tidal- regulating s structures should be ato : 
ce to permit the rapid clearing of a “channel-way”” in case they are damaged. 4 4 
This could be done by excavating an 1 auxiliary channel which would normally — - sa 
Ma, be closed by an earth barrier dam th that could be rapidly blasted to clear the = 
channel the locks were rendered unusable by bombing. Obviously, an 
Sa change f from navigating a canal with currents completely regulated to &g 
one with currents of the order listed in Table 4 would be undesirable and ths a 


led to an investigation of other methods for providing tidal regulation. 


— 

ag 


STRUCTURES 71 ‘THE mm NAVIGABLE | Pass 
sudden transition from slack-water navigation| to ‘navigation in a com- 
_ pletely unregulated waterway i in the event of damage to the tidal lock could be — 
avoided by supplementing the tidal lock with a navigable p pass through which 
ships, as a matter of routine operation, could pass at any selected stage of the 
tide. The pass would have retractable gates (Fig. 9) which could be opened — 
, ap! to permit navigation without the need for lockage under any set of condi- 
tions of current desired, from 0.5 knot (Atlantic tidal currents) to the maximum. 
_ The gates of the pass would be of steel construction, and in the event of their — 
could be readily removed from the channel. Table ‘5 shows the hours 
a Be ond that the pass would be open if the tidal currents were controlled to * 2, a: 


4, and 4, 5 knots. _ These data wi were determined by computations an and pac ie 


~ 


pnel = Iti is probable that, when the sea-level canal is first placed in operation, the ae 
[navigable pas: an 
viga pass would be opened only at mean tidal stages to limit channel cur- 
ents rents to low values. As operating is of o 


— 
iii 
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her 
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The 


fl 


of the p pass gates would “ higher currents in the canal, 
Paes Tentatively, currents in the canal would be limited to 2 knots; this value a 


selected after a survey of operating g experience i in other and as 
eee result of the United States Navy tests at Carderock. On this schedule forthe — 

ee opening of the p pass ss gates, the canal would operate 32% of the total time oon 


A gated water-control structure would complement. the navigable pass to 
ee assist in adjusting the water surface in the canal to extend the period of opening — ~ { 


os of the pass at each mean stage cycle of Pacific tide (Fig. 9.) The gates of the Bic i 
i Water-control structure would be open only when the pass is closed to traflic. 


ae 
avenue of transit when the pass is closed. 


eke ee arrangement, , and the hydraulic features of the separate elements of the 
tidal- — works and in developing the — of the 


Dicer One onaiainn phase of the model study was that of relating the friction : 


ry 


factor of the model to the friction factor of the prototype channel. Ee: This was ss 
by actual flow tests in ‘Gaillard Cut with the culverts the 
Pedro Miguel Locks wide open and discharging 22,000 cu ft per sec. 
A study of the major experienced i in the period of the canal construc- 
tion was of great assistance in comprehending the character and probable 
— of the materials to be encountered in any new excavation. These 
slides, as was stated by the late George Ww. Goethals, M. ASCE, in 1916, were 
the result of an attempt to fix uniform slopes throughout the length of the 
regardless 0: of height of cut and cl of materials. General 
4 stated after the completion of the canal: 
With the geological formation changing so so and so 
oF suddenly both in the direction of the Cut and up and down there is no ~ es 
possibility of any uniformity in slopes. uniformity of could be 
; ie - For a time after the first major construction n slide took | place, it was thought ‘a 


: material ultimately to be removed would be less if the slides were allowed to 

their course. This proved not to be the result; moreover, the pressing 

aoe ‘need for opening the canal led to flattening « certain of the | slopes to prevent 

fe further blockage of the channel. Fig. 10 represents for a specific location ok 

design slopes now proposed for the Cucaracha formation, and shows the slope | 

oa selected in the initial construction and the actual slope | attained in this > 


that the slopes would eventually | stabilize themselves and that the volume 


lee is Consideration was given in 1 the design of slopes to dynamic loading a. 


Canal Slides,” Rept. of the Committee a the National of Sciences, 
National Academy of Sciences, Vol. XVIII, 1924. 

Dry Excavation of the Panama Canal,” by George w. Goothals, Transactions, Internation! 
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GROUND SURFACE BEFORE EXCAvA ror 


ORIGINAL DESIGN SLOPE 


t 


testing apparatus developed « at Harvard offers promise as a 


‘o> ee allowance was made i in the designs for slide failures resulting from dy- Ht aa 


namic loadings since it is unlikely | that slides induced by the atomic bomb eS 
would fully block the canal. _ However, debris from cratering resulting from 

atomic bombing c could block | thee channel, but widening the channel to overcome ee <i 


E this possibility would require such a | large amount of "excavation that the risk ae _ 


: of closure was accepted, since in any case the blocking materials, even though Re 
_ radioactive, could be removed in a few weeks at the outside. None of the i 4 
conventional weapons could induce slides « or tl throw up craters that block 

channel of either a sea-level or an improved lock canal. 


20 
Studies of the oo conversion of the Panama lock canal to a sea level 
“dor to that. under Public Law No. 280 contemplated the lowering of Gatun 
Lake i in stages. One study planned for the lowering of Gatun Lake in seven ea 
stages, Philippe’ Bunau-Varilla,? the French engineer who negotiated the sale 
of the canal holdings of the French to the United States, urged the consulting ay 
a board appointed by President Theodore Roosevelt to provide deep upper sills at : ein 
_ each of the locks to facilitate the later conversion of the lock canal by stages to a 
(ea level canal. . His plan was rejected on the grounds that major modification — 
of the proposed twin locks would be inescapable in any case and that a third set Xi 
of locks would be needed in order that two lanes of locks would be available 
traffic at all times during the conversion | period. 
— ‘There i is no question that the conversion of the existing locks would involve 
- considerable risk both to shipping and to the integrity of the canal with only on 


fics, lane available and that no plan’ should be accepted that would hove: less 


1S Mass., under an ional ersity in Cambridge, 
an investigational contract. The studies of the resistances of 
2 s to transient loadings and the tests of their residual strengths — iii 
| 
— 
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> 
two lanes of “locks to the period rr con- 
version. If the lowering of the summit lakes to sea level by stages is under- 


- taken, new ‘special twin conversion locks of minimum construction with lift 


to El. 53 are preferable to previously considered arrangements involving the 
progressive alteration of the existing locks for each stage of lowering using a 
new third set of locks with full lift to El. 85 toi insure two lanes being available © 
*g at all times. fi The proposed special twin tonversion locks would be placed Hin 
4 operation and the existing locks abandoned when the ‘first stage of lowering of ; 
Gatun Lake from El. 85 to El. 53 is accomplished— or after the completion of | 
ae excavation to prepare the channel to carry traffic with the summit lake at El. 
i 53. T he next stage of lowering of the canal would be to El. 22, and finally | 
rie) the lowering would reach sea level; in each case excavation to provide necessar i 
( a on depth « of channel | would precede lake lowering. — _ The twin conversion locks have | 
low: upper r sills to accommodate traffic at all stages 0 of canal elevation from El. 53 
to El. 0. This plan and others considered for the stage lowering of the summit 
a; Takes were finally abandoned because of the attractiveness and the ene 
Pg ea of the plan for the single- -stage lowering « of the summit lakes. 
eee: | The ¢ conversion of the lock canal to sea level by lowering the summit lakes 
a single operation would require dredges capable of excavating toa 


hoe of 145 ft. For this purpose a cutterhead-type suction dredge would be used 
to excavate the softer materials and a chain-bucket type dredge, t to 


blasted hard materials. The suction dredge would a booster 


mounted i ina well on its ladder to effect, the lift of the ‘materials. _ The chain- 


is wa tin except that the 2-cu-yd buckets proposed are considerably larger than | 
= ordinarily used to depths of the order proposed . Dredges of the chain 


= bucket type worked successfully to . depths « of 128 ft in the n mining of gold; how- 


ever, the buckets generally have not exceeded cu yd. The Board of Consult- 
ve ing Engineers and others advising Governor Mehalley, on the current studies 


‘were unanimous in their opinion that deep dredging tc to effect single-stage con- 
version would be practical a and economical. 
* the deep-dredging method of conversion (single- stage lowering of the 
a lakes), there would be a net saving of $130,000,000, principally through ‘the 


omission of conversion locks. The actual lowering of the water surface to 
effect the conversion to sea level would be accomplished by progressive 
ee - molition o of natural 1 rock plugs | and the removal | of @ a temporary stec steel dam left to 
the Gatun and Miraflores lakes. The conversion could be effected with 

Alinement improvements would permit a | large part of the excavation 
be: done in the dry (750,000,000 cu yd) ata 1 large saving in cost. There would 


165, 000, 1000... 


000 cu yd of wet classified as as 
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this 132,000,000 cu wo uld lie between depths of 


LOOD ONTROL THE EA-LEVEL | ANAL 


i —‘Unl ess tributary inflows into the sea-level canal are controlled, there would tr 
be interruptions in service and occasional hazard t to navigation. _ The most — 
essential control is that of the es ‘River, — 

ay 


ra 


MIRAFLORES 
RESERVOIR 


upstream The regulated outflows of the Chagres River 

a would be excluded from the canal by diverting them to the sea through a short ae 
§ tunnel and a channel as shown in Fig. 11. The flows from all other tributaries Dt, ts 
n the east side of the canal north of the Chagres River v would be intercepted a iy 


; and conducted to the Caribbean (Las Minas Bay) by a ‘a system of dams and» 
+ the channels which convey the regulated flows from a the Chagres. This co 


ol system, termed the “East Diversion,” would have sufficient 


— 
aly 
a 
is 
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all to 25% than the maximum flood of record. 

gency outlets into the canal are provided for larger floods. 
West Diversion” system of dams, reservoirs, and channels 
exclude the entry of “flows into the canal from all the important tributaries 

west of the canal and north of the Continental Divide by diverting them into the - 7 


pr enner of the lower Chagres through an outlet and spillway west of the present _ 
- South of the Continental Divide there are a number of small li, 
ma imum. drainage area 13 sq miles) which | could contribute undesirable flood 
inflows if not regulated. Diversion | being impracticable because of the 
aphy and the developments i in the area, a system of regulating reservoirs as 
sho own | in Fig. 11 would be ‘provided, areas 


Reservoirs (see Fig. 


Gamboa Reservoir 
Monte Lirio Reservoir. . 


‘Small 


1 sq miles of the total of 1 1358 3 sq of area tributary to the canal 


would not exceed sq ‘The flood contribution from the uncontrolled 

areas would neither inconvenience navigation nor be a hazard to ships in transit. a 

-\ The flood-control dams would be constructed from excavation spoil except — 

ane the length of haul would make local | borrow cheaper. The east and west 7 

_ diversion dams would be low structures of earth and rock spoil mounted on 
ook broad ‘Platforms of fi fill constructed of excavation spoil placed i in the wet, thus — 

ver} » loadings where the foundations are muck and soft 


clays. earth and rock flood- control structures would be readily ‘repairable 


As 


“thee construction plan a plopted Je in the report to Congress provides for the use 


“hr of large shovels and draglines. (25 yd or larger) dumping into scows for the cs 
dry excavation, totaling 750, 000, 000 cu yd, ‘disposal areas in Gatun Lake, 
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of to 145 ft below the water surface would be 

g Vehicular tunnels under the canal would be constructed at the Atlantic and 
Pacific ends to aid construction and for cross-channel access thereafter. 


cost of the sea-level canal i is estimated at $2,483,000,000. 


The capacity requirements for the year 2000 on peak days 


transits. For planning purposes, ship speeds in the sea-level canal were estab- ~ _ *- 
- blished at 12 knots ground | speed traveling with the current and 8 knots cgainst 
current. conservative spacing of 1.5 nautical miles between ships: was 
- selected after a survey of the practices « of other waterways and with the soil 
of Panama Canal pilots. — oy The daily capacity of the sea-level canal, based on a cA 
- 16-hour operating schedule for both the tidal lock a and 1 the navigable pass, =: 
assuming the latter w ould be opened to limit currents up to 2 knots, would be. 


daily. The average transit time in the ‘sea-level canal would | be 


The tidal- l-regulating and flood-control structures of the sea-level 
would not be essential to its safe operation; hence their damage or destruction Bs 
would result only i in temporary interruptions traffic. An adequate flood- 
warning system would insure against ships being ‘caught i in n the channel at the 
time of incidence of large flood inflows in the event of damage to the flood- ere 
“control | structures. The flood-impounding structures being ofe earth and rock 
construction would be highly resistant to bombing but, because they | are not 
- absolutely vital to the operation of the sea-level canal, the costly treatment — 
"necessary to make them resistant to the atomic bomb would not be warranted. — Y 


damaged by flood-control structures could be readily repaired 


coy 


B ‘The could not be made r resistant to modern weapons. 


%j Their loss by enemy action would be the loss of convenience to shipping and a <n cay 


lessening « of safety i in transit, particularly for ships with low | power and poor 
it rudder control. The risks in transit of such ships could be avoided by having 
them await a favorable tide or by providing them with tug assistance. — The a Ri 
"tidal lock, if heavily damaged, would be a mass of debris that would be difficult oe. 
tor remove, If the tidal lock were contaminated by radioactive ‘particles as the 
‘Tesult of atomic bombing, it would probably have to be abandoned ip either 
} case the navigable pass could be used for transiting traffic. Tf If the pass gates — ne 
they could be removed from the channel in a few toa 


‘nll ofan an weapon attack. 
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canal would operate as OF 
haul wn today could induce slides 
Lake. atering that would close the sea-level canal = 


ee « of the ca canal would require a a few V weeks, at the ‘most, for the  lonring of a a trafic 


ion of the 


protect crews would be required, and this is considered practicable. 
- Anattack employing conventional or atomic weapons could do great damage 
to the housing and administrative facilities of the canal and could result in great 
loss of life but, disastrous as the loss of life would be, the operation of the sea- , 
eS level canal could go on uninterrupted § since ships in an emergency could transit 


the canal then navigable | pass ‘under the of their masters. 


ie aus ‘The papers of this Symposium summarize 

; "pertaining to ‘security, made by the staff of The Panama Canal and its is con- 

sultants and collaborators. ‘Those who contributed to the studies are too 
_ numerous to name, but acknowledgment of their « contribution is made in 


the report of the Governor « of The Panama Canal under Public Law No. 280. 
oa The Teport consists of text and a folio of eight plates, supplemented by eight: 


“a 


co annexes and twenty-one ne appendixes. Appendix 21 of the report contains a 
Ae i e bibliography for the Isthmian Canal studies. - Particularly valuable 
a . = = assistance was provided by the Bureau of Yards and Docks and the Bureau of 
Se Ships, Department of the Navy; the Chief of Engineers, Department of the 
Army; and the Atomic Energy Commission. major features of the study 
were reviewed by a a Board of Consulting Engineers | composed of Boris A. 
Bakhmeteff and William H. ‘McAlpine, Hon. ‘Members, ASCE; Hans Kramer, 
a ie John J. Manning, Hibbert M. Hill, and Joel D. Justin, Members, ASCE; 
and until his retirement in September, 1946, Ben Moreell, Hon. M. ASCE. | 


The | writer was in immediate of the studies under J.C. the 
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By RALPH P. JOHNSON® SYDNEY 18 


“ofall types n may be expected to transit a Panama canal in the year 2000. The 
average ‘daily tre traffic would be 46 vessels; the peak- day traffic for which the 


‘canal should be e designed is 69 vessels. , By about 1960, the capacity of so 
present canal, during periods of lock overhaul, would be insufficient to accom- 
modate traffic without undesirable delays on peak days. With modifications 


ely to eliminate the | periodic > need for closure of one of the twin locks for 


able 
limited size of the lock structures, large naval and commercial 
au of 


construction of 1 naw and larger locks or the conversion of the present 


a ll beyond the 2000. 


‘The Public Law No. 280, Seventy-ninth included 
investigations of the methods of increasing the capacity | of the Panama ig 
to meet the future needs of interoceanic commerce and national defense. . This. ee 


aspect of the studies ‘Tequired a prediction of the volume and characteristics of = 
‘canal traffic at some future date which, for planning purposes, was selected as aA 


the year 2000. As stated in the first Symposium paper, the prediction was 
based on n a recent, evaluation of future Panama canal commercial traffic made 


by Professor Kramer of the University. of Pee who was engaged as 


Panama Canal, of two improved Panama canals, and of a Panama 
z canal were then analyzed and their capacities were ‘e compared to the estimated - 
design peak- day demand for transits to determine when « demand would exceed 


Be 


capacity. These compar isons provided an index of the date at which new fa- 


cilities would be needed at Panama and of the relative adequacy of the pro- 


a 4 Engr. in Chg., Bull Shoals Project, Corps of Engrs., Little Rock, Ark.; formerly Chf., Route Studies 
Pas Reports Branch, Special Eng. Div., The Panama Canal, Diablo Heights, Canal Zone. ESE 
lone, Engr. in a Chg. of Traffic Studies, er Eng. Div., The Panama Canal, Diablo Heights, Canal im 
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The group of vessels Panama is that which 


= pays tolls. consists Of merchant vessels, foreign naval vessels, privately- 
ed dredges, , yachts, and similar craft. Tolls-paying vessels of more than 


300 tons are considered to be ocean-going ‘eommereial vessels. In ‘peacetime 
these make up about 78. 5% | of all transits, and carry nearly all the commercial 
cargo passing through the Panama Canal. Tolls-paying vessels of less than 
pane? 300 tons are y engaged principally i in local t trade and carry an insignificant volume 


‘Future Tonnage of | Ocean- Going Commercial Traffic. —Professor 


gees of future Panama Canal traffic is concerned o only with» cargo > carried 


in ocean-going commercial vessels. His forecast based on following 


widespread wars or serious political take place 


‘during the period covered by the forecast. <4. 2 


a The effects of unforeseeable changes in the sciences, such as development 


ge atomic power and of air transport, are not appraised. oe a a 
ee aa i= Foreign | trade will develop as the United Nations organization achieves 


d, . The United States maintain a substantial ‘merchant marine in ace 
, and 
Professor Kramer's s forecast, termed an “economic- statistical projection,” 


national i income as based on | future United ‘States population and future | per 
capita income. In this forecast, an estimate of future United States ocean- 
borne ‘imports, exports, and intercoastal trade was made : according to the past 
pe relationships between national income and these three factors. _ ' ‘Next, the past + 
S ‘Telationships of Panama Canal commercial traffic 1 to these factors were de- 
termined. The relationships established from these estimates were ‘used to 
derive estimates of future intercoastal, United States import, and United States 


export traffic through the canal. A fourth factor of Panama Canal commercia 
shipments, was determined on a percentage basis 


; 
54,639,000 


4 
— 
— 
; 
— 
ates Import, Uni et-vessel ton- t 


A ril, 1948 
p 


A to represent | the maximum load ad that 
be put ¢ on the canal in the future. 
For purposes of comparison, earlier predictions of Panama Canal 
_ made by Emory R. Johnson in 1912 and Grover G. Huebner i ‘in 1936—both of 
the University of Pennsylvania, are shown in Fig. 12. As a matter of f interest, 
the traffic history of the Suez canal is also shown. x. 


Conversion of Ocean-Going Commercial Tonnage to Transits—The 


of ocean-going commercial transits expected annually i is obtained by dividing — 


~ Professor Kramer’ s estimate of yearly tonnage by the estimated : average se net be 


. vessel tonnage per ocean-goi ng commercial transit. The estimate of the aver 
age tonnage of ocean-going commercial vessels is based on past experience a a 5 
Panama and on long-term trends developed at the Suez Canal. 

‘The average net vessel tonnage of oil tankers s transiting the Panama C 


= 


has been about 30% higher than that of vessels | carrying other types of cargo 
4 (general cargo vessels). Also, the relative volume of ' tanker traffic i in the past — det 


is very large when compared to its future relative volume as “predicted by Reet 
Professor Kramer. 3 For these reasons general cargo traffic at ‘Panama was 
“analyzed separately f from tanker traffic. 


10,000 


© SUEZ CANAL (BY CALENDAR YEARS) 
e PANAMA CANAL (BY FISCAL YEARS) 


TONS 


_ PANAMA CANAL DATA ARE FOR GENERAL CARGO COMMERCIAL 
VESSELS 900 TONS, EXCLUDE TANNER 


NET VESSEL 


ay 


relatively of arising from World War I and World 
q War II. 3 Because the Panama Canal statistics covered so few years, no well-_ 
"defined | trend could be detected i ina plot « of these data. _ Accordingly, the plot 
was compared with the » average tonnage ‘of vessels transiting the Suez Canal 
in the years from 1870 to 1939 (Fig. 12). _ The trend of Suez data i is well de- ee 


~ 


Te 


fined and n may be extrapolated to the year 2000. The average tonnage of vessels ors 4 


_ ‘tansiting at Suez was thus assumed to increase from 5,600 tons in 1939 to — 


7,800 tons in the year 2000. As the Panama Canal data are roughly parallel res 


to those at Suez, the Panama Canal trend was assumed parallel to that of Suez 


“assumed to increase ) from about 4,500 tons in 1939 to 6, 600 tons in the ae 

2000, Because of the predicted relative insignificance of tanker traffic, the 

“trend i in the ‘average tonnage of general cargo. vessels i is assumed to be appli- es 

“able to all ocean-going commercial traffic. may The number of ocean-going com- 

mercial transits for year to the ‘year 2000 i is ‘then. by dividing 
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od net vessel tonnage 


ee per transit for the: corresponding year (Fig. 12). _ The pre predicted i increase in the 


number of transits is shown i in ‘Fig. 3 and in Col. 2, 


BLE | GrowTH OF VEssEL 


| commeniat | | Total | 

959 | _ 8,865 

11,947 | -15,219 | 


n the absence of ¢ any reason yd change, it is ‘expected that in peseetine 


vessels of less than. 300 commercial -vessels— 
considered sep ately from ocean-going commercial vessels. Although ane 


They consist of United 
combat and auxiliary vessels, United ‘States Army vessels, cargo- carrying or 


~ other vessels « operated i in the service of the United States ‘Government, war- &f 
ships of the Republic of Colombia, Panamanian Government 2 
oe ; transiting solely for the purpose of repair at Canal zone shops, and Panama > 


Canal operational and maintenance equipment. In peacetime, these tolls- 


- free vessels account for 15.1% of all transits. There i is no indication that the 
relative volume of this traffic is changing and therefore the 15. 1% factor ae 


Total Canal traffic, in 1 the future will 
traffic and ¢ all tolls-free e traffic: whose predicted values are: shown i in Fi ig. 2 andi 


4g 
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4 Cols. 5-and 6, ‘Table 6. These totals are ened: on percentage factors derived 
for peacetime years. volume of military combat and cargo traffic in 
future wars is indeterminate, but experience during W orld War II indicates 
i that commercial traffic volume would drop and tend to offset the increase in 
% military traffic. Because there is no assurance that the drop in commercial 
ye traffic will completely offset the rise in military traffic, a canal should have 


some excess > meet the unknown demands that may be put on 
_Arrectine CapacitT 


Mena requirement of the dion Canal is the daily variation in n the demand es 5 
- transits. Annual and seasonal variations in traffic volume are so much less 
-than the daily variation that they are of no significance i in establishing the 
capacity of the Panama Canal. in inti volume 


shown in Table 7. It is otian that very few delays to shipping would occur 


E off at 160% of the number of transits 0 on the average day. ah 


7.—PREDICTED FREQUENCY ¢ OF Peak Days, Panama CANAL 


| >= per year in which peak-day 
traffic would be exceeded \ 


it the capacity requirement | were ¢ established so as to provide for traffic Soren 
0% in n excess of the daily average. - With this daily capacity, traffic would A 
be held over to the _— day on an — of only § 9 ‘days a year, and, in the a 
‘ald up a total of about 4 400 dip wees with 24-hour operation of the canal eS a 
lect. This service is compatible with the high standards expected of the one 
Panama Canal. Therefore, days in which the traffic is 50% in excess of the - 
tverage a are used ‘to establish the capacity requirement of the Panama Canal — . 
ad. are called “design peak days.” — In the year 2000, this requirement is the 
“capacity to transit 69 vessels of all types in 24 hours; this requirement and : 
the requirements for other years are shown in Fig. 1. 
z Direction ction of Traffic. —In the past, 52% of the yearly ocean-going ne oh 
pass passed. through the canal from the. ‘Atlantic to the Pacific and 48% 
tansited from the Pacific to the Atlantic. : From this, it is assumed that, in bee a 
lect, future traffic will be evenly divided with respect to direction. The as- PS 


-amption applies only to annual traffic; on individual days traffic may be con- 
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at as traffic in opposite direction... ‘Under certain conditions,» the ¢ ex- 
= pected maximum unbalance of traffic on peak days would reduce the maximum 


ee capacity of a lock canal slightly, but would have no significant effect on wh 
Bl: capacity of a sea-level canal. The effect of unbalanced traffic on the capacities 


of Jock canals is described subsequently in this paper. 


one aut) Vessel Length.— —The . number of vessels which can be placed i in a given lock 

at one e time is controlled by their lengths. This | has an important 
effect « on the capacities of the lock structures in a lock canal or in any tidal locks — 
used in a sea-level canal. . Using the 
TABLE 8.—Coutosrnion OF ALI of the Panama Canal. (from 
TRaFric THROUGH THE PANAMA to 1940), traffic has” “deen 


grouped into the vessel- length cate- 


(ft) | Percentage 


xt studies made of the 
24, tions of het vessel | tonnage, beam, 


200 


more, ae was indicated. that : a 10-ft increase in the ¢ average » length of all ned 
estimating the capacities of lock TABLE 9.—Prepicrep 
structures in the year 2000. . It OF ALL TRAFFIC THROUGH 
/ 
assumed that this increase would be THE ‘Panama CANAL 
uniform from the present to the year LENGTH OF 
is 2000. Table 9 shows the percentages 
of vessels that may be expected in Vensel length 
category f¢ for the years 
at Panama indicates 
‘1... 400 to 499 
hat the composition of traffic 
— length « of vessel on peak days i is very 4 
similar to the a average 
position. fact is of particular 
significance in 1 establishing the 
pacity requirements of lock structt 
shipping « on design peak days. 


DIMENSIONAL ‘Limitations oF Panama Lock AND 


The maximum size of vessel that could a lock at or that could 
_-pass a the tidal lock. of a sea- -level canal would be limited by the dimen- 


At present. only two commercial vessels, the 


: Queen Me ary and | the pene Elizabeth, are too large | to be received in 2 the | ex- 
isting ‘ne ft by 1 1,000- ft lock chambers. _ These vessels a are used in a the No rth 


FF 


= 


‘Atl 
4 
Pai 
din 
Th 
a 
lev 
«tral 
alic 
the 
per 
twe 
com 
ave 
th 
Le 
x 
| 
and 
cha: 
iock 
= 
pres 
tite 
ull 


ton-— 
ther- 


TION, 


The capacity. of a lock canal i is established by the capacity of 


service 
‘Until: the approach of World War IL, "the lock dines dimensions of the 
‘Panama Canal | were accepted as a limitation in the design of Nav avy vessels. 
Howe ever, several warships constructed or modified during the war exceed the 
_ dimensions of the present locks: and are | therefore unable to utilize the 5 
: ‘The , proposed lock chamber dimensions of 200 ft by 1,500 ft for r either a high- a 


lock of a lock or the tidal lock of a sea-level canal would permit the 


allow a considerable increase in the size of naval vessels w rithout prohibiting — 
their transit. The 750- ft-wide navigable pass of the ‘sea- a-level canal 


CITY 


OF THE PANAMA Canal 


reduc uced by any ‘conditions which affect” the availability of the locks for 1 the a 
transit of vessels or which prevent vessels from entering the locks. Examples 

of such conditions are the occurrence of 7. fixed by channel — 


‘dimensions, or lay-up of the locks for. overhaul. 
‘The length of the lock chamber, as related lengths of future vessels, 
determines the average number of vessels per lockage. Using the length — 

- composition shown in Table 9, it was found that, under ideal conditions, an 
average of 1.8 vessels could be transited simultaneously i in the existing locks” 
10 ft wide by 1,000 ft long). For conservatism, the estimated number eae 


_ The time interval between successive lockages in the same direction has been | pee a 
ietermined from time and motion studies of operations on the existing locks, * 


and amounts to 45 min with double-culvert filling and emptying o of the lock Rio Za 
tambers. Thus, operating 24 hours daily under ideal conditions, the present a 
locks could accommodate a total of 96 vessels. Wen 

_ An unbalanced flow of traffic in either direction pare require some change: 

in the direction of lockages. The time interval between successive 1 multiple a. 

iit lockages in “Opposite directions in in the same lane is greater than that eS 
nveessive lockages in the same direction because, i in the first instance, the 2 

neoming vessel must wait until the outgoing vessel has cleared the lock struct- _ 
4 before entering. The longer interval results in a loss of capacity; in the |: 

present canal, however, the physical limitations of Gaillard Cut which necessi- s 
hte one-way traffic at night would give ample to traffi = 
ud capacity losses from this ¢ cause would not occur. — Re: 


the dependable daily ‘capacity o of either a lock bee 
used on the ) assumption that fog i is a daily « occurrence. — 


we most , frequent during the rainy season and occur generally between =. 
ught and 8 a. m., with an average duration of 4 hours. A t present, it 


, the 4 lwardous for a ship to enter Gaillard Cut whenever there i is a possibility of fog. 


his possibility exists during the wet season and, thus, for 8 months a yea <9 
rd Cut is closed 8 hours . The this losure is loss in 
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oe "Traffic senna Gaillard Cut is limited to one ne direction i in tee case of un- 
4 set wieldy vessels or of vessels with more than an 80-ft beam, for vessels carrying 


explosive cargoes, and for all vessels at night. This results in a 
capacity of 6 vessels daily, 


locks are e overhauled | biennially at Panama, ween 
- Pacific ce and Atlantic locks. — _ Thus each lock structure is overhauled once every 


AY years. | The necessary repairs and replacements are completed in about + 
- months, and during that time only one lock lane is available. _ For most of the 
overhaul period, only a single culvert is available for filling and id emptying the 
lock chambers, and, therefore, the time interval between successive lockages. 


in the same direction i is lengthened 1 to 56 min. ‘The rs lock capacity during 


Since only one lock lane is. available during overhaul, the of lock- 
| ne ages must be changed to permit transits in both directions. Two such changes 
_ ae we are assumed to occur daily and this results in a daily | loss i in capacity of 3 vessels 

ia pee Overhaul is performed in the dry season when fogs are rare and therefore 
a A ie there are no losses i in capacity because of fogs during overhaul periods. Since f 
traffic during the overhaul period is essentially single lane traffic, there are 
at ae ~— Tosses i in 1 capacity at such times resulting from traffic restrictions i in Gaillard Cut. a 


im | 
Dependable Daily Capacity of Present Canal.— —The estimated capacity of 
the present canal, based on the factors previously described, is developed 


te 


PANAMA. CanaL (NUMBER oF | Vv ESSELS) 


etree. Operation outside of overhaul periods; maximum theoretical capacity of two lock lanes, with double- of 
a eas culvert filling and 1.5 vessels per lockage. + Operation during overhaul periods; four consecutive months = 
ya a oe every two years; maximum theoretical _ capacity of « one lock lane, with single-culvert filling and 1.5 v 


‘Table 10. 10. _ Table 10 shows that the daily capacity of the present canal isa 
minimum during periods of lock overhaul. lock overhaul lasts 4 months, 


and it is neither reasonable nor practical to delay vessels-over such an extended — 


taken at its minimum 


the present. canal would be to eliminate the of taking one lock 
of overhaul Such an improv ment is entirely 


es 


t 


h 


A 
g 
2 
(Cal 
i ve 
> im 
pe 
na 
s 
t 
th 
he 
ve 
UAPACITY OF THE PRESENT CANAL WITH MINOR IMPROVEMENTS Ye 
and culverts. Lock filling and emptying would then be done 


uring 
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for each lock | lve 

serviced. This: operation would take place i in the fog-free dry s season to ons 
- %4-hour operation of the locks. Under these conditions, the net capacity of the 

- canal would be the capacity of both lock lanes, each in single-culvert operation, 
Jess losses resulting from channel restrictions imposed by Gaillard Cut—or 77 ze 
Yess vessels daily. This is in excess of the 58-vessel daily capacity of the present i - 
canal outside of overhaul periods, and the latter « capacity would sata the ae 

To increase the dependable | ‘daily nuiiee of the canal to more » then 58 4 
additional improvements are necessary. The most of such ve. 


‘that ‘they would increase the daily capacity: ‘the canal to 65. 


3 od The foregoing modifications constitute the minimum plan of i improvement 
“of the e xisting canal and would provide adequate capacity to handle traffic 


until close to the end of the twentieth century, NA 

* If a further increase in capacity is ‘desired, it can be obtained | by pr iia ee, 

navigation aids: that would permit one-way navigation in fog. With 

“navigation i in fog the daily capacity of the canal outside of overhaul periods: 
would be 96 3 vessels less losses caused by channel restrictions imposed | by =. 

- Gaillard Cut—or 86 vessels. However, the daily capacity of the canal during ‘ie pe 


ri the modified overhaul period would be 70 vessels. - Since this is the smaller ca- os 
- pacity, it is controlling, and ‘Tepresents the in increase i in n capacity 2 achieved od byt use = 
al 


for the construction of two new locks (200 ft by 1,500 ft) at each end of the be 
‘canal, abandonment of the existing | locks, widening of Gaillard Cut permitting — 
Sever navigation at night, raising of Miraflores Lake to the level of Gatun 


‘tétions throughout | Gaillard Cut. ‘Using the composition of vessels 


the year 2000 shown in Table 9, an average of 2.9 vessels, under ideal conditions, — 5 ata 


- however, it was assumed that the locks could accommodate an average of 2.4 


- Vessels per lockage. With the time interval between successive lockages in _ 
_ the same direction estimated to be 57 min, the theoretical maximum capacity 
ot the locks would be 120 vessels daily. ~ Losses caused by an assumed single — 

change i in to provide : for unbalanced would reduce 118 


: in the 8-hour period during which Gaillard Cut would be closed because « of fae 
Occurrence or possibility of fog would amount to 40 vessels daily. 
_ The provision of a Pacific summit-level anchorage to match that at Gatun 


q “would | permit vessels to lock-up to the summit level when Gaillard Cut was 
4 


“could be locked through the proposed | locks in tandem, For conservatism, 
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closed ‘because of fog. With this operating the loss in capacity 


due to fogs would be reduced from 40 vessels daily to 25 vessels daily. — aa. ) 
oa - With tie-up stations, vessels could proceed through Gaillard Cut until ou 
actual occurrence of fog. - ‘The loss in capacity due to fogs would then be 
further reduced and would amount to 15 vessels daily. The dependable daily 
capacity of a completely r modernized lock canal would therefore be 103 vessels" 
minus 15)—well i in excess of the ‘requirement for the year 2000. 


at each end of the ‘canal, would be 7. 25 hours, as 1s compared with 8 hours i in the 


—_— canal under normal operations ; and 8.5 hours during overhaul periods, 
‘Capacity oF | THE PANAMA Sua-Leven a 


~The capacity of the Panama sea-level canal i is established by the 
which ‘structures are assumed to operate, 


mentally of a tidal lock and a navigable pass. ‘Shipping utilize tidal 


‘ Jock when the tidal head between the canal and the Pacific Ocean was large, ; 
and the navigable pass when tides were at or near their mean. Meu“ y 
The amount of tidal regulation necessary to limit the channel currents to 
a selected maximum value depends upon the range of the Pacific tides. (This 
- subject is treated subsequently in the fourth Symposium paper. ) The > capacity 
of the tidal-regulating structures increases. with increased use of the navigable : 


_ pass—that is, inversely with the tidal range. _ The dependable capacity of 


_ the sea-level canal using ; tidal regulation has been ‘taken a as its s capacity on on days” 
_ when 20-ft tides would prevail. Since the navigable pass would be open for for 7 
longer | periods 98% of the time, the assumption ; is extremely c conservative. “ee 


The be designed to control the currents: 


in an uncontrolled waterway by the combination of both | Pacific and Atlantic. 
tides. A maximum _ allowable current of 2 knots has been selected in these 


Vessel Speed and Spacing. —The capacity of a channel depends on will 
4 speeds and vessel s spacings; in these studies an average water speed o of 10 knots” 
_ has been assumed. Ag ~The factors that bear on the safe distance between vessels 
; traveling i in the same direction are their speed, size, power, loading, control- 
lability, operating dependability, channel dimensions, alinement, visibility, 
weather, and currents. In consideration of these factors, the spacings shown 
in Table 11 for vessels more than 300 ft long have been selected for the purpose 


estimating capacity. Vessels less than 300 ft long can be interspersed with | 


be 


‘ larger vessels s spaced in accordance with Table 11 without impairing naviga- 
bc _ tional safety.” _ If vessels were to travel at higher speeds, greater spacing would © 
be required for safety and the net effect would be a reduction in capacity. 


‘ me <e (Spacings i in Table 11 are for vessels longer than 300 ft, traveling at an; average ; 


water speed of 10 knots. 


of Tidal Lock.— The 
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the hours of the time een lockages, and the number. of 
_ vessels that would be assembled in the lock chamber at one time. The tidal 
— locks would be the same size as the locks of a modernized lock canal and 2.4 


vessels could be handled during: each = 


an average time interval between 
lockages of 40 min, the daily 
of the tidal lock would then: 
Capacity of Navigable Pass —When hg 
~ full freedom to the flow of traffic and its capacity would be the same as that for. 
“the sea sea-level channel. The d daily | capacity of the pass thus depends | on the 
i length « of time it would be open for navigation and on the adopted vessel spacing | 
- (Table 11). If the tidal- al-regulating structures were operated to limit channel oe 
‘currents to 2 knots, the y pass would be open about 4.9 hours during each day — 
Eom 20-ft tides. The daily capacity of the navigable pass would then be 88 | Air 


essels. An increase in the maximum allow wable current would permit the pass 6 a 


aed 


to open for longer periods, and the cay capacity of the p pass would thereby 

increased. daily capacity of the navigable pass for various tides and 


TABLE 12. —Dany TABLE 13 —Caracier OF Sea-Leven 


VESSELS FOR A PASsING 
‘THROUGH: 


tt Lock | Pass | and 


88 
140 lock exceeds channel capacity, so the __ 
| latter controls, 


of ‘with Ti Tidal _Regulation—The 24- hour daily 


¥ capacity. of the > Sea- -level canal with tidal regulation as assumed in these studies — 

¢ would be the combined ‘capacities « of the } pass and lock—or 174 vessels of all sizes 4 
| (86 vessels Is through the tidal lock and 88 vessels pass). 

Because there are no anchorage areas 
pass, they would not be used when the channel is and the ca capacity 
4 - the canal would be reduced accordingly. Observations made e prior to the for- of 
- mation of Gatun Lake indicate that fogs in d sea-level canal would have an aver-_ : 


ge duration of 6.6 hours and would reduce the operating day from 24 hours to aa 


ae hours and the daily capacity of a a controlled sea-level canal from 174 
_ Vessels to 126 vessels. In a 16-hour operating day, with operations ‘suspended | oe 
during 1 the hours i in which fog usually occurs, the 2 daily capacity would | be as 


in | Table 13, It can be noted even with the most 
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of tidal currents, of a sea-level canal i is of the 
panna | daily capacity required : for a Panama Canal i in the year 2000. a 
‘The av average transit time in a controlled sea-level canal would be « either | 
t ho ours or 4.75 hours, depending on whether the pass or the lock was used. © 
Capacity of Sea-Level Canal Without Tidal Regulation. —If operating ex 
=: perience 2 should eventually indicate that t tidal regulation is unnecessary or if, 
ae wartime, the regulating structures were not utilized or were rendered 
“4 inoperative, the canal would have no structures on which the transits of ‘vessels 
oS be dependent. . Its capacity would therefore be the capacity of the chan- 
nel, which i is d dependent solely on vessel ‘speed and spacing and on the length of 
he operating day as established by: the occurrence of fog. 
Sho Using an average water speed of 10 knots and : a vessel spa spacing of 2 miles 
established for the 4.5-knot current resulting from a 20- -ft tide (Table 11), the 
- daily y capacity « of the canal would be 240 vessels longer than 300 ft. Vessels 
Tonger | than 300 ft are expected to comprise only 75% of all vessels transiting 
the canal (Table 9), and therefore 80 additional vessels shorter than 300 ft 
could be with the larger vessels; the daily would then n be 
Fog of average duration would reduce the operating day from 24 hours to 
= th 17.4 hours and the daily cap: capacity f from 320 vessels to 232 vessels. If the canal, 


ae i _ because of fog or for other reasons, is operated 16 hours a day, the daily y capacity. 
would be 214 vessels—far i in excess of the requirements for the year 2000. = 
“At an speed of 10 knots, the time required to transit 


3.3 hours to 5.0 


a The present Panama Canal does not ae sufficient ‘eine to — 
undesirable delays | to traffic on design peak days | beginning about 1960. . Wi rth 
modification. of the existing locks to eliminate extensive outages during over- 
haul periods and with tie-up stations provided in. Gaillard Cut to reduce the — 
delays created by fogs, the ) present lock canal would be adequate until close 
. the end of the century. In addition to these improvements, if navigation 
_ aids were provided which would permit navigation in fogs, the adequacy of — 
‘present canal. would be further extended. This minimum plan of im- 
_ provement, however, would not provide for the transit od ‘vessels larger than — 
Panama sea-level canal or a completely modernised Panama lock 
canal with new and larger locks would have capacities greatly in excess of ree 
quirements for the year 2000. The modernized lock canal and the tidal lock 
or of a sea-level canal would be able to transit any commercial vessel expected to 
operating during the twentieth century. They would also permit the transit 
: of much larger naval vessels than now exist. . The navigable pass of the sea-_ 4 


type of vessel of any size likely to be = 

capacity « ofa lock canal is fixed the physical and charac 

ristics 0 of ‘its locks. In comparison, a sea-level canal has no such limitations, 

cat provides faster transit than does a lock « canal, and has a larger reserve e of an 
pesity: which can accept the short-time traffic peaks that: may occur during anes i 
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PANAMA: CANAL 
CONTROL 


** Assoc. M. ASCE 
: 
= The development of a Panama sea-level canal would require that shipping 
: be protected by adequate control of floods on n the major rivers ‘and streams — 
- tributary to the canal. If large uncontrolled flows entered the canal, the 
Papers velocities 1 would be appreciably increased over those normally caused 
by tides, and dangerous crosscurrents would be generated at each point where 
- large flood flows entered the canal. ul. This paper defines the requirements fc for se 
flood control in the e proposed s sea-level canal, describes the hydrological charac- 
teristics of the drainage basin, formulates the preliminary basis: for hydraulic 
design of the flood-control projects, and develops the plan of control that has . 
been put as an essential feature of the sea- -level canal, gaat 87% of the aa 


Fi _ all major tributaries of the watershed, except the upper Chagres River, © 


enter Gatun Lake at remote distances from the navigation le lane. Gatun 


impounded by a large earth dam 8 miles above the mouth of the Chagres 
— River: and has an area of 164 sq miles. The upper r Chagres River enters the | ee 
canal at Gamboa where the | lake i is narrow. Prior to the ec construction of Mad- Bessi3 4 
den Dam in 1934, floods” entering the canal at Gamboa twice required the 

temporary suspension of traffic. ‘The control afforded by Madden Lake has 


largely of major flood distur’ bances in hand present 
and the rivers of the watershed, if uncontrolled, would enter the sea-level 
; canal directly. _ The total area of the watershed (Fig. 13) would be 1,358 sq i : 
- tiles, 94% of which would lie on the Atlantic side of the Continental Divide. "i a 
largest tributary would be the Chagres_ River above ‘Gamboa with a 
- drainage a area of 520 sq | miles, of which 393 : sq 1 miles are controlled by Madden we u 
s Dam. _ Other important tributaries would be the Gatun River, draining 150° 
aq miles on the east ‘side of the canal, and the Cafio Quebrado and Trinidad 
~ rivers on the 1 west side, with drainage areas of 120 sq miles: and 313 sq miles, 
watershed o1 on Pacific side of the Continental Divide i is 
Combined Flood and Tide Flo 
In the Pacific and 2 ft in the Atlantic, which closely snnninais ee: : 


tide ¢ conditions, would produce a velocity of 4.5 knots near the Atlantic end of | 
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. 13.—Warersuep, Sea-Levet 
wen; 
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an uncontrolled Ships of adequate pow and good controllability ‘could 


velocity would be undesirable. Tidal-regulating structures would be installed 


tmnt in the hydraulic model of the sea-level canal by superimposing o4 


_ safely transit the canal i in currents of 4.5 knots, but any appreciable i increase in 


at the ‘Pacific end d of the sea-level canal for the reduction of tidal currents | to. ag 
limits probably « as low as 2 knots in the initial period of canal operation. Flood 
control would be needed regardless of the extent of tidal regulation, ae. 


disturbances to shipping from floods would be more . pronounced inet unregu- 


] 


lated canal, a condition that may be imposed during wartime si tidal- ee 


DECEMBER 26> DECEMBER 27 


FLOOD INFLOWS) 


tn Mopet Tzsts Tro Derermine Errscrs oF 1909 


effect of large floods on velocities in an uncontrolled canal has 


the flood of December 26-30, 1909, upon | the conditions producing maximum — 
‘tidal flow. a - This flood, largest of record | on the Chagres River at Alhajuela, 
Was: extended with suitable adjustments to « cover the entire watershed. The 
“net rates of flood inflow into the canal were determined for two degrees of con- ot 
4 _ trol: Case I, with only Madden Lake in operation (393 sq 3q miles controlled), pie 
case Il a flood-control system i in operation 240 


q 

= 

— — 


with tide flow “Flows in the « canal 


The tests were run without tidal regulation. The profiles of Fig. 14 
- demonstrate that the gradient of flow is materially flattened upstream from — ae 


the point of largest inflow. = _ This flattening tends to retard the entrance of 


‘flood flow would be less than ihe arithmetic s sum of the se arate flows. — Maxi-— 
Ap ep 

ea mum combined velocities observed during these tests (open canal; 20-ft tide) 

I, flood control 7.0 
73 Case II, flood control. . 
No flood inflow. . . 


e of the combined d velocity i in case II to the value 1 for natural tidal U flow are i 


tied -dicative of the | requirement and effect ofa large m meas sure 0 of flood 


Tusts, Existrne PANAMA ia: 
Density Currents in the ‘Sea-Level Canal —The foregoi g were per- 
med using fresh water for both flood and tidal flow and hence do not fully 
the conditions that would arise in nature. From observations in 
tidal estuaries, it is known that fresh-water and salt-water flows tend to retain 
Be Separate identity, the lighter f fresh water, of course, remaining | on top of the 2 salt ae 
water. . Recent full-scale measurements have been made of fresh water from a 


tributary stream flowing into the salt water of the sea-level approach channel to f: 


cs. The results of these field tests are summarized i in Fig. 15 


pee 
— 

— 
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PANAMA CANAL 
Fig. 15(@) indicates the pat pattern srn of currents near surface, and the 


met of the fresh- water front as it spreads out over the salt water, _ ‘The succes- a 


"creasing to 100% ‘a about half the: channel depth. 3 The wa rater moved i in 


8 knots in the upper sone—or spprenimately three times the velocities 


Summary of Requirements.— —It i is difficult to define specific criteria for flood 
P amiey since the necessity for control is measured 1 by the safety and einey 
0 


= 


f navigation i in the canal, the standards 
a result of the tests and studies performed on flood currents i in the canal, h however, — 
little doubt exists that the plan of control should be e comprehensive, approaching . 


i=] 


of relatively low relief in os vicinity’ of sated i changing to irregular knife- 
m. like ridges in the upper regions. — Peak elevations of from 500 ft to 1,000 ft 


above sea level near the canal increase to 2,000 ft in the Gatun River basin, 

ia 2,500 ft in the upper watershed of the Chagres River, and 3,500 ft in the head- a 

3 waters of the Trinidad River. The general steepness of the watersheds pro- 

Surface Cover.— —In the thickly-forested areas of the upper Tegions, dense 


foilage prevents ‘sunlight’ reaching the ground, and consequently the 


L 


~ 


cover is sparse and offers little deterrent to rapid runoff. In regions 
of lower elevation, the forest cover is less dense, the undergrowth i is thick, and bon xa 
a Open. areas are covered with a rank growth of grass, rence rainfall losses and ig 


Climate. —The Canal Zone-r ‘region has a a distinct seasonal variation of rain- 


air temperature in the Canal Zone’ varies : only from 2° F to to 8° F for the entire Bs a 
‘year, and _ the range between extreme temperature is less than 40° 


highest is F and the is 59° F, both oecurring 


the canal is shown in Fig. 16. gv 92% of the mean 
‘rainfall occurs during the wet season, and 16% of the annual rainfall | occurs "Saet 
— mber. All n major floods i in ‘the Canal Zone region have occurred i in the ty 


Fig. 17 is an isohyetal map of the mean annual rainfall on on the canal neo a 
. Note the gradation of rainfall across the Isthmus , Tanging 


al 
he 
14 a The water near the surface of the canal was not wholly fresh water but a 4 a 
— 
— 
1 | 
— 
Topography.— principal subdivisions ofthe Panama Canal drainaze 
Lopography. principal subdivisions oi :the Panama Canal drainage 
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of 160 i in. on the ‘Atlantic coast to 70 in. on the Pacific coast. This gradation = 

tic of monthly rainfall and occurs during 1 many of the major 


areal distribution i is limited, the duration i is a few hours » and the ‘intensity is ‘a 

relatively high. Large flood- -pr -oducing storms result from frontal activity and 

“generally extend over the entire watershed of the canal. Rainfall caused by | aa 

frontal activity usually has a lower intensity but may continue intermittently 

ee a week or longer in storm periods having a succession of frontal passages. ee 

; Maximum point rainfall i in the Canal Zone region and at aoversl locations i in 


the United States is shown in Table 14. 
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Canal Zone 
; e Ans Key W West, 
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4.30 
360 (14.01 (13.54 


| and streamflow 


istribution of rainfall stations in in years, par since 


941, , have been sufficient to o approximate a pattern of the mean monthly § and bis ; ES. 
sean annual rainfalls on the ' watershed, the records are insufficient for accurate 


ye 


st 
dis 


in 1899 been continued to the present time, 
i the construction of Madden Dam in 1948, immediately upstream, ‘prevented 

futher recording of natural flood discharges at this station. Five rainfall 
- stations have been i in operation above Alhajuela since the early 1930’ sand three : 
more w were added in 1941. The general inadequacy of the records has made it 

necessary to develop data for the hydraulic design of the various projects 
largely from the Chagres River records. rE 


Comparative Distribution of “Rainfall comparative 
distribution of rainfall on the major drainage a: areas of the watershed. The hs va 


comparison was made for four. periods—the annual; the combined flood season 


‘months of October, November, and December; the month of November alone; 3 


and the : average of twenty-two storms. For easy comparison, the values for 


— 
ers: 
‘ 3 
4 

a 

saa records are available to the hydrologic investigator, some dating back to the =__—_—! 
s. The primary objective of past observations has been the collection of q 
for definition of the dependable supply of water for lockages rather than _ 


and flood from the Chagres River above Madden ors for to 


areas. The values for the mean November rainfall were selected because | 


Ne 


most large floods have occurred during that month and because the November a 
_ ratios would produce a larger design flood on the other areas. em : — 


a RAINFALL OF 


NOVEMBER 22 Srorms 


NoOvEMBER- 


iy ‘TABLE 15.—AreEaAL DistRIBUTION OF RAINFALL 


| age % 


_ Chagres River above Madden Dam 116.0 | 100 
_ Chagres River, Madden Dam to Gamboa. . 
Gatun River 
Cafio Quebrado I Riv er 
Trinidad River. . 103. 7 | 89 
Entire Watershed 94) «42. 


“of ‘authentic records i in 1899, the greatest peak discharge o of the  Chagres I River 
a  Alhajuela was 140, 000 cu ft per sec (356 cu ft per sec per sq mile), recorded a 
during the storm of D December 26-30, 1909. 09. The se second largest peak discharge 


was 129,000 cu ft per sec (328 ¢ cu ft per § sec per sq mile), recorded at Alhajuela — 


The largest ‘velans of + runoff i in a ‘single flood period was produced during 
eine of November 12-23, 1935, and averaged 36.8 in. above Alhajuela. 
_ Summary d data of the floods described are given in Table wo aes 


Prax 


"November 12-23, 1935. 


Flood Frequency —The occurrencé of Chagres River since ‘the begine 
a ning of records in 1899 is plotted with respect to the magnitude of peak di : 


_ charges ‘and 24- hour in Fig. Computations of occurrences have 


— tl 
— 
— = 
antes, 
im 
| 
— 
equals 10,000 times in 1004 provented further rec — 
ed in percentages, ¢ Constructi 
Ihajuela. 
— 


been made by arranging the floods in -decreasingeorder of magnitude divide 
ing the rank of the flood into the years of record. This assigns a a frequency to a ih 


Relations. — In examining records, it was noted that the 


nif 


a 
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RUNOFF IN INCHES 


DISCHARGE 


Fre. 18. River | ‘AT 


: a stations. “As a consequence, rainfall losses ¥ were e not directly en 


from observed data, and large adjustments of observed rainfall were frequently 
‘Tequired for a satisfactory reproduction of recorded flood in 


of two extended flood periods yielding the largest volumes of 
runoff on the Chagres River at Alhajuela are shown in Fig. 19. These two 


: floods were studied for the purpose of developing a project design flood that 5 eS 
: could be used for selecting the storage capacities of reservoirs and the dis- te 
"charge capacities of outlets and diversion channels. The total ‘period of 
- Plotting i is 50 days. The 1909 period has 
_Tesponding to the maximum of record cited i in Table 16. . The 1935 ‘period hs 4 
- two distinct peaks, the first peak corresponding to the 12-da y flood of Table ee 
16. The accumulative runoff for the two flood periods is of the e same order ok ; 
of magnitude, the highest being 75 in. Because of the rdlatively: short ; period na 
@ record and the importance of positive elimination of flood interference in 
- the ¢ canal, the volume of each of these floods was increased 25%. | Routing =, 
- these floods through the Madden Lake reservoir demonstrated that 1 the maxi- — aoe 


mum would result from the 1935 flood. This 
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N November rainfall of Table 15. 
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- AREA IN SQUARE MILES 


NOVEMBER 1909, DECEMBER 1909 


we 
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1a. 19. RIVER AT ALHAJUELA 


areas of from: 10 sq miles to 30 sq miles. ‘ae assure dependable control 


ae such areas , the | project design flood was selected to be 75% of the spillway 
design flood—a_ flood of shorter duration but than the trans 


: design flood the size of spillways and the n maximum 

a * water level in the 1 reservoir and is derived from the estimated maximum pos- a 

sible storm for the watershed. 38 This storm was was established for the ape 
- Dam areas by the United States Weather Bureau in 1942 following an investl- 

gation of all the measurable meteorologic characteristics of the past storms 

that have | pr roduced heavy 1 rainfall over or near the Canal Zone region 1. Depth- 


duration data of Se storm for the Madden Dam area, to apply 
om 10 sq x sq re | | Fig. 0. 


is f of projects on other large areas. The 
_ : Me dden Lake area to other areas was transposed by applying 
flood from the Madden reas; and (2) the ratio of the al 
— 
— 
— 
Peh 
ref 
im 
Wa 
a 


4 

of design flood on the various watersheds required 
he. 1) selection of applicable rainfall data f from Fig. 20, (2) adjustment of selected 
me * pre” using the ratio of mean November rainfall between the various large 


he areas and the Madden Lake drainage area to permit transposition of data, and — 
® conversion of adjusted rainfall into flood runoff using inflow unit hydro- is 
graphs. the small drainage areas s of 30 sq miles or less, the rainfall 
values of Fi ig. 20 were used without adjustment since these values could result iw) 


~ from an intense convective storm of short duration which would be of like — 


£ 


~ 
/MADDEN LAKE, 393 SQUARE wiLes 


> 
So 
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as 
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“AVERAGE. DEPTH OF RAINFALL IN INCHES 
storm rainfall into. spillway design flood inflow for each flood- 

control Gen- 

“2 
a eral guidance for appropriate values of the empirical constants C; and Cy which 
tary TABLE Constants FOR Apoprep HYDROGRAPHS, 
i Pequeni 


dd Teflect the lag tke and peaking characteristics of the respectively, 


Pic 


vesti- 4 Was obtained by constructing unit hydrographs for four gaged areas s above 
orm Albsjuela and verifying them the reconstruction of twelve floods. The 
epth Constants derived from the study are § given in Table 17, and a typical example — 
pe ‘Synthetic Unit Graphs,” by Franklin F. Snyder, Geophysical 19, 
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for Madden Lake, 
a a = by the reconstruction of a number of floods which have occurred on 


the watershed since the construction of the dam in 1934. . An initial loss of ; 


‘ESTIMATED 
BASIN RAINFALL 


aX 


- 


PLOOD OF NOVEMBER 6-10,193! 


4 
21. HyproGrRaPH VERIFICATION, Cusenns RIveER aT 1909 Froop 


0. 5 i in. and infiltration at the rate of 0.05 in. per hr v were ‘deducted from rain- h 
fall in these studies, and a base flow of 10 cu ft per sec per sq mile was added — 


toll the computed inflow to complete the spillway design flood shydrograph. med 
Early French and American Plans. —The importance | of controlling floods 
on the tributaries to a Panama sea-level canal was appreciated by both the | 


French and American proponents of a sea-level canal. The French envisioned 


leading to the Caribbean In 1906, the majority group of 


Board ¢ of Consulting Engineers recommended the construction of a sea- -level 
 eanal and proposed the following flood-control plan, similar to that of the early 


“To control the Chagres River, a dam proposed at Gamboa 
forming a reservoir called Gamboa 0 f whi the maximum» 


flow line i is to be at elevation 170 wo 


— 
‘inth 
j 
‘be’ 
— 
— erate 
le canal irom the Unag 
ulation of intlow into 
"a dam at Gamboa 
im inp 
a 
Py 


April, 1048 PANAMA ‘CANAL, 


“This dam is be fitted with controlling sluices by which a maximum 


Gigante [now as ‘part of the 

o2 a Onli pe Cafe (8 * * * are to be cut off by dams. The Trinidad will | 

i occupy the old channel of the Chagres River and the Chagres diversion. 
The Gatun will be. cut off from the. canal the partly finishe 


Development of Present Plan- —The physical possibilities 

1 flood control for a Panama sea-level canal are abundant and variable. Con- 
trol could be established | by a system of reservoirs located i in the lower central 

> part of the main drainage basins, similar to the location of Madden Lake on : 

z the Chagres River Valley above Gamboa. _ Inflow into the canal from such a 

: ‘system would be , composed o of regulated flood releases from the reservoirs and 

unregulated r runoff from areas below the reservoirs. A study of s stream- m-flow 

" records on the Upper Chagres River indicated that this : system of control |would 

permit a peak discharge of 45 1000 cu f ft per sec to enter the sea-level canal at _ ; 

Gamboa on the ‘average of 0 once in 5 years. This rate of inflow is considered Ped b= 
to be from two to three times greater than the maximum that could be tolerated — ae 
without ‘seriously disturbing navigation. It was concluded that a an effective 


plan of control by r reservoirs would require location of dams close to the sea- a si 


level canal to prevent runoff from areas of small size from en- 


4 


. would obviously. ‘afford the most satisfactory method of preventing floods from 
interfering with navigation. The large drainage areas lie on the } north = - 
_ Atlantic side of the Continental Divide and, if uncontrolled, would discharge 

- int into the canal at distributed locations from Gamboa to Gatun (Fig. 13). wariene, 
The two main tributaries on the west side, the | Catio Quebrado and the 
‘Trinidad 1 rivers, could be diverted by excavating : a relatively shallow a 
in in the broad valley of the old Chagres basin, generally paralleling the sea-level 
canal connecting with the former channel of the ‘Chagres River below 
Gatun Dam. Another west side diversion plan would employ material a 
ble from sea-level canal excavation for the formation of a series of low dams 
between west side islands in Gatun Lake to create a diversion reservoir of mod- — 
“erate depth in which a permanent pool could be maintained for the ne. 
denefit of better sanitation and access in the region. The material from canal 
"excavation | would be available for embankment construction at little or no 
= cost because large amounts would be barged to the lake for i 
Control o of the two principal tributaries on the east side, ‘the ‘Chagres 
- Gatun rivers, could be effected generally by either of two plans: (1) By diverting _ 
- both tributaries, or (2) by diverting Gatun River to the sea and controlling 
the ‘Chagres River by construction of a regulating re reservoir at Gamboa as 
th French nd Plans. w uld in- 


prism * * *. Of the tributari —— 

‘A entirely from the canal and 

__separate channels to the sea * * * 
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water | way | of SSW per sec) Acre- 
sur- | crest Proj- | Spill-| $$ ft 
 Chagres | 393 | 210 | 250 239.8 | 262.9 | 30,000 382,000 
Chagres 127 “95 | 140 129.0 | 158.8 | 38,200 7.000 
q | gues 180 55 | 55 61.5 82.2) 72,00 
aa GQucbredo}| 488 | 55 | 55 58.4] 71.3 | 58,00 
i “Mandinga 10.5 | 150 | 208 207.2 | 223.7 | 2,970 8000 
__Cocoli 70 | 107 106.6 | 122.4 3,130” 
q {Fvesmall} | 399 | 70 | | 115 | 99.8 | 1023 | 
Peak outflow, project design flood, in cubic feet Per secon ‘Top of 1 
a reservoir at Gamboa, a 13.7-mile diversion channel from north. 609 
’ Hs ward to the Gatun River Valley, and a ‘second diversion channel 4, 7 miles long * stor 
from the north rim of the Gatun Valley to the sea. a. This plan‘i is similar to the trib 


<a one proposed by John G. Claybourn,’ 7M. ASCE. Under plan (2), the 13.7 si. z 
as ‘mile “diversion channel would not be constructed and the capacity of the 


reservoir on the Chagres River at Gamboa would be increased to reduce further 
ae Se the reservoir outflow, which i in this case would enter the sea-level canal. In ; ia 
either system, Madden Lake would be operated largely for flood control of ( 
upper Chagres River. plan of complete diversion i is considered decidely Lek 
Bere ae superior because it would avoid a prolonged inflow of regulated releases at ~The 
Gamboa during the wettest months. Tt would be difficult to these 
releases sufficiently to prevent p possible disturbances from. crosscurrents or _leve 
ae eddies formed by the interflowing of masses of salt water and fresh water. 9 | os 
Adopted Flood-Control Plan —The adopted plan of flood control em- Oper 

_ bodies (a) complete diversion of all runoff from the major tributaries, and (b) var 

~ control by regulating reservoirs on several small streams entering the canal = 

Bees os _ south of Gamboa. . The plan is comprehensive, since less than 9% of the entire - Over 
watershed would remain uncontrolled. The largest uncontroHed area 
not exceed 4.5 sq miles. The location ‘of the flood- control projects and a sim Peis 

of the areas: controlled are shown in Fig. 11, The diversion of major nd 

oe - streams lying on the Atlantic side of the Continental Divide and draining 87% bey 

ey sae the watershed is accomplished by two distinct projects designated the East -duri 

Diversion and the West Diversion. General descriptions of the projects and fl 

their operation are outlined i in the paragraphs following, and. statintical data 


Madden Lake. —The in “Madden Lake* now ‘used principally for 
power generation and lock water would be reallocated, two: 


Lin 

— 
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_EMBANKMENT Garep 


Crest spillway 


(ft), No. ‘Size (ft) No. — 


5,700 5.67 by 10 || 2 | 7-£t needle valves 
| 300 a * Diameter, 38 ft | 1 | Diameter, 45 ft 
23,000 20 by 20 oe oa 


1 

5 . 
3 |20 by 20° 
1 | Diameter, 10 ft 1 
1 
2 


Diameter, 9 ft 


7 


Diameter, 11 ft | 1 | Diameter, 10 ft 


Diameter, 11 ft | 2 | Diameter, 10 ft 


Top of 18-ft 


0% being assigned to flood control and 40% to power. The flood- control 
5 storage would be equivalent to a runoff depth of 18.1 in. o om n the 393 : sq sq miles sof 3 2a 
tributary watershed. Regulated discharges up to a ‘maximum of 30,000 cu ft 
§ “per sec would be released from Madden Dam. The p project design flood would ie 
‘utilize two thirds of the assigned flood- control storage, the remainder con- 
stituting a reserve for such contingencies as silting and possible c changes in 


he Gamboa Reservoir. —This r reservoir receive discharges from Madden 

Lake and runoff from the 127 sq miles of drainage area below Madden Dam. vt 
"The normal level of the reservoir would be El. 95, 10 ft above the present ~— 
_ Gamboa arm of Gatun Lake. The project ‘design flood would raise the water _ 


_ level in Gamboa reservoir to ‘EL ‘129, leaving approximately one third of the 


> 


eo - storage below El. 140. 0, the crest of the spillway, available as a reserve for 

operating contingencies. _ Outflow from this  Teser voir would be diverted n north 
Om ward via the -Chagres River diversion channel to ‘the Monte Lirio reservoir, 
nal third and last reservoir in the East Diversion. discharge that might occur 


tire fe Over the Gamboa ‘spillway would enter the abandoned channel of the existing — ‘ 
&§ : and would flow into the sea-level canal. The top of the Gamboa Dam, ee 
an earth and rock embankment (Fig. 22) would be 125 ft above the river bed 


the crest length would be 1,800 ft. 38-ft-diameter tunnel would be 
71%) E constructed through | the south abutment for diversion of the Chagres River 
Jast - during construction of: the dam and would be retained for « emergency release — 
and of flood « discharges: into the sea-level canal under remote contingencies ; such os 
-dosure of the Chagres diversion channel by slides. 


Chagres Diversion Channel. —Diverted flows would leave the Gamboa res- 
-ervoir through a 45-ft- diameter tunnel, 2,700 ft long, and thence through a1 an 


“open channel, 13. 7 miles tong, | arsine | in width from 100 ft in in the sections of Sg 


Dat 

Line 

392,000? | 18.25 — 
ol — 
297 000 | 10.7 | 1,200 100° 

ot 
— 
— 

— 

— 

— 

itely weirs would be constructed in the diversion channel—the upper, with crest 
06, would be located 6 miles below the tunne et and would control 


| 


with crest at El. 70, 
' ar be located 6 miles farther downstream. Thaw weirs would keep the 
- bottom | of the channel submerged i in the dry s season and thus. prevent son 
natural growth. Discharge from the Gamboa reservoir would be controlled 
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GROUND LINE 


SHALLOW cuT 


(MONTE LIRIO RESERVOR 
NORMAL POOL EL.55 yp NORMAL POOL EL. 95~ 


Foss Fie. 23. —Srcrions > 8, Diversion” EL 
ris by the natural capacity of the eneihes channel and upper weir at “om ee 
a Stages: and by the capacity of the tunnel at higher stages. — Valleys of existing 
streams crossed byt the diversion channel would nominal diking 
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- Monte Lirio Reservoir- —Monte Lirio reservoir would oo occupy the lower v: valley 
. the Gatun River now inundated by the eastern arm of Gatun Lake eo: 
would 1 receive flows diverted from the Gamboa reservoir, runoff from streams 
intercepted by the Chagres diversion channel, and flow from the Gatun River. 
¢ The normal level of the reservoir would be maintained at El. 55, 30 ft below the | 

ay present level of Gatun Lake, a a level which is suitable for domestic water supply, as 
area sanitation, and hydroelectric power development. The Monte Lirio Dam 


Gig. 24(a)) would be formed by strengthening the existing Panama Railroad 


embankment which | extends between several islands Is across the eastern part: of 


Mins Bay on 1 the Caribbean’ const a channel 4.7 miles long Fig. 
diversion would have a width increasing from 200 ft at 


» 
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(PROS DES. 65 -EXISTING RR FILL 


on 
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24.—Montsrs Lirro Dam anp Diversion CHANNEL 


at El. 55 ond an outlet structure would be constructed 


The outlet gates would be operated to n the water surface at El. 
3 55 in the Monte Lirio ‘Teservoir and , during the passsing of a flood, would be 
fully open when the reservoir level rose above El. 55. The project design 
> flood would raise the water surface of Monte Lirio reservoir to El. _ jae 


Two interconnected reservoirs, the Cafio Quebrado reservoir and the larger 
Trinidad reservoir, with normal water surfaces at El. 55, would co! comprise the 
West Diversion (Fig. Discharge from ‘the Cafio Quebrado reservoir 
would flow through an uncontrolled channel circling the south and west sides " 
of Barro Colorado Island, and would join the Trinidad reservoir near the e 
‘sting Gatun Dam. os A 500-ft rene with crest at El. 55 and an n outlet struct- 
Gatun Dam (Fig. 25(a)) would s serve both reservoirs would be regulated 
ia the same manner as the Monte Lirio spillway and outlet structure. «Dis | ee. 
- charges would flow to the sea through the old channel of the » Chagres River. ae 


~The project eee flood would r raise the water surface i in the reservoirs to El. 


= 4200 in 
. 
ting 


‘tin. ‘the West Diversion (Fig. -25(b)) would consist of low e embank- 
placed on broad areas of sea-level anal excavation. The 


El. 82. The dams extend from Gatun Dam toa point 4 miles: north 


@ UPSTREAM, ELEVATION OF SPILLWAY 


Fie. AND Cafio Dams 


ConTROL oF SMALL TRIBUTARIES 


as the Meadinga, the Cocoli, and the reservoirs, and con- 
i — trol areas of 10.5 sq miles, 11.5 sq miles, and 30.0 sq miles, respectively. The 
— last consists of five interconnected small basins with two outlet channels. 


re reservoir would have a Hap and 1 both uncontrolled and gated outlets. 
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Preliminary explorations have revealed that sound rock is al 
‘% suitable depths in all foundation : areas for - spillway. and outlet structures and in 
areas of tunnel excavation. Likewise, no major problems are. anticipated i in 


excavation of diversion channels. Most of the 13.7-mile diversion channel 
from Gamboa to Monte Lirio lies in regions of hard rocks of volcanic origin 


ck is reservoir to the sea would be located largely i in sound siltstone and sand- BS 


be founded on alluvium, 50 ft thick, composed largely of sand and gravel. 
paw for watertightness and safe relief of seepage | would be incorporated 


* 


brado dams would be founded ona a relatively soft. alluvial of 


wee clays, silts, and sands that is termed Atlantic | muck. — Fortunately, the great 

Sea _ abundance of spoil material from the sea-level canal excavation would permit ¥ 
Cafio Quebrado and ‘Trinidad dams to be founded entirely upon : a 
; terrace of sound excavation spoil extending not less than 1,500 ft on both sides 


center li ne—with a a top at EL. . 65, only 17 ft below, ‘the crest of the dams. 


and medium-hard siltstones and limestones. channel from the Monte 


stone of the Gatun formation. — The river section of the Gamboa Dam would &§ 
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Monte Lirio Dam, which an of the railroad causeway 
- completed i in 1912 across the eastern arm of Gatun Lake, would be ——— 


reinforced with broad berms for distribution of load. 
Suitable and d extensive d deposits of are available near the Gamboa 


ould be obtained from spillway excavation, Fill for in the | lake 
area would come mainly canal excavation transported by barge. barge. 


Flood- construction would be scheduled to utilize the 

‘deel excavation as it becomes available and to avoid unnecessary peaks in 

personnel. None of of the structures would be required to function during the 

Fe construction period, but Madden Lake would be assigned largely to flood — 

control during the construction of the Gamboa Dam, » the only , project re- 7, 
- quiring major ¢ cofferdam construction and river diversion. The earth- fill cof- . 

-ferdams | for the Gamboa Dam would form a part of the permanent structure. — 


Oranation OF Fioop-Cowmnot, Provecrs 


Durine Lowerine or Lakes 


All flood-control_ be placed in to the rapid 
i ‘tiene of Gatun and Miraflores lakes upon conversion of the canal to sea level. — See 
- More than 68% of the normal volume of Gatun Lake would be cut off by 4 ¥ 


Bley 


E flood-control dams and thus the time of emptying the central region of the 
= lake would be greatly accelerated. The total interruption t to traffic at this time ma 


would be less than 7 days, the time required for r removing the lake- 


_eaining barriers in the channel for the sea-level canal. _ nace ae 


a 


would be abandoned on conversion of the canal to sea level and, as noted ¢ 
pr reviously, the ‘Storage assigned to power in Madden Lake would be reduced to 

- one third of the total storage, sufficient to produce 13,000 kw ata 40% load 
factor. Opportunities would be available at the 


structures for small hydroelectric installations. ‘The plant ‘Monte 
_Iirio, receiving regulated flow from Madden Dam and unregulated runoff from > ae 
“the remaining watershed of 307 sq miles, would have a firm capacity of 13,500 
at a a 25% load factor. The Monte Lirio reservoir would not be 
for. Power because drawdown of the normal water surface would affect the = 


quality” of water for domestic supply Trinidad and Cafio 
Que: 


The dams i in the lake area would actually be low levees ranging from 17 ft 
to 27 feet in height constructed on broad spoil terraces at El. 65. " These ter- ; 


areas” would ‘virtually unbreachable by any type and 
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ae Ba breach in the levees would be of no consequence since the occurrence ° of a flood 


w 
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the East Diversion or the West Diversion above El. 65. If the spoil terraces ; 
wa were ever breached, the outlet conduits in the Trinidad and Monte Lirio spill- 
‘ s way structures could be left open for continued diversion of flow to the sea with 
E; — only minor repair of the breach. A breach in Madden Dam would not result. 
a ; a in overtopping the Gamboa Dam even if both reservoirs were filled to spillway : 
levels at the time—an extremely remote possibility. The Gamboa 
would be difficult to breach by any ¢ conceivable conventional bomb, as it would 
. be 350 ft wide at the level of the project design flood and 650 ft wide at normal al 
of on the tributaries of a sea-level canal, in 
accordance with the adopted system, would completely eliminate hazards to 
shipping from flood inflows. The flood- control system would have sufficient. 
_ capacity to control flows well i in excess of the largest flood that has occurred i in 


. AT years: of record. Runoff from 87% of the area tributary to the sea-level 


canal would be diverted directly to the Atlantic Ocean and 4% would be con- 


trolled by retarding reservoirs. It v would be difficult to breach the flood- 
dams adjacent to the canal in wartime. breached, only minor re 
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TIDAL CUMMENTS 
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that would be caused i in an open sea-level canal at Panama bya tidal el 


__ Channel roughness | would affect th the velocity of the reversing flow in this — 
ea canal in the same wa way as in any -one- way channel s since, at the time « of 
“maximum current, the situation is nearly that of ordinary steady flow between i 


‘the extreme tide levels. Results of measurement of roughness i in the existing we 
canal and a summary of roughness data for other large channels | are er ef 4 


A Manning n n of 0.024 was selected for the investigations. 

hydraulic model of the sea-level canal, at 1:100 ‘undistorted 
is described briefly. . Close ‘agreement throughout the tidal cycle was obtained © a4 
‘between the velocities measured in the model aa those computed by the t 4 
- An example of tidal flow a as controlled by tdalegulatiog structures i is 


‘Dieamn have been the subject of speculation and concern since the earliest Soa 
canal proposals. — The first careful study known to have been made was that ca 
reported on May 31, 1887, by a committee appointed by the French Academy of | <ameee 
Sciences'*.® at the request of Count F erdinand de Lesseps, chief engineer of — a 

the French Isthmian Canal Company, who was under taking to build a “rent 
canal at Panama as he had 1 already d done so successfully at Suez. The French 
analysis was based on the use of the Chézy formula for steady flow, applied li 
anumber of short reaches, with heads adjusted to take account of wave celerity. 

‘The committee reached the conclusions that the Atlantic tidal range was so. 
‘small j in comparison with the Pacific range that it could be disregarded. The sae 
estimated maximum tidal current for a canal 45 miles long was 2.5 knots. al Pin 
The Board of Consulting Engineers, Isthmian Canal Commission, reported 
in 190 : “Tt is probable that i in the absence of a tidal lock the tidal currents 


during extreme oscillations would reach five miles” per hour. is 


_*Chf., Hydraulic Section, Special Eng. Div., The Panama Canal, Diablo ao Canal Zone. ang 
u Engr. -in-Chg., Hydraulic Models, Special Eng. Div., The Panama Canal, Diablo Heights, Canal Zone. aa a . 
Cape Canal,” by William Baselay Parsons, ASCE, Vol. LXXXII, 1918, 


Comptes R Rendus, French Academy of Sciences, V Vol. 104, May 3 31, 1887, 1484. 


— 
| 
untic end of the Panama Canal, is 
is 
— 
nt | 
in 
A 
vel | 
re- 
f 
 . 
wit 
fi 
- onsulting E 


tides, 

about 40 miles long — 40 ft deep, with bottom width at 150 ft i in earth and “for sc 
~ 200 ft i in rock. The method used to obtain this velocity was not stated. ew § = = 
ee An estimate of 2.6 knots for the mean cross-sectional velocity i ina tebdord: the A 
was made the United States Coast aon Geodetic Survey (in a level 

point 

howe 

Atlan 


epee 7 miles long, but that pr progressive v wave » motions ‘might be created i in the 
j < "greater length of a Panama sea-level canal which would tend to increase the 

The tides at the. Atlantic and Pacific termini of the Panama Canal are very 
ifferent both in magnitude and general character. The Pacific | tide at Balboa 
te: 

is remarkably regular, with two highs and two lows of almost equal magnitude 
ccurring in in every lunar day of 24 hours and 50 min. £ Extreme tides have 
reached | levels 10.8 ft above and 11. 9 ‘ft below 1 mean sea level. ~The maximum 
rage between consecutive tides, however, has | only occasionally exceeded 20 


as indicated by the following percentages ¢ of Balboa tides that reach different: 


99... ; compu 

The Atlantic tide at Cristobal is s irregular and the Pacific Correc 

tide, with no mpeg pattern. _ Extreme ti tides have reached 1. 8 ft above: the ch 

and 1.25 ft below mean ‘Sea level. — The mean tidal range is 0.9 ft and the [i succes 
_ Atlantic high tides precede Pacific high tides from 
zero hours to 6 hours, averaging about 3 hours. — Mean: sea level on the Pacific 
side of the Isthmus. averages 0.77 ft higher than on the Atlantic side, but the 
Pacific mean level on individual days ged from 2.04 ft above to 0. 68 ft 

Eras “Most of the analytical and model studies described in this , paper were beni 
on assumed maximum semidiurnal tides of ft range at Balboa and of 2-ft 
range a at Cristobal, with the ‘Cristobal tide preceding the Balboa tide by 3 
_ lunar hours, as ‘shown i in I Fig. 26. (One | lunar day i is the time required for one 


revolution of the moon around the earth. It corresponds with 24 hours 50 min 


of ordinary solar time. ) : ‘Selection ‘of the essential features of 2 a sea-level canal 
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tides, but investigations were also node of the etc of average and low tides 
for some comparisons. 


the Atlantic side of the Isthmus, a ule head and a steeper slope i in a sea- + 
level canal would normally be expected when the Pacific tide was at its highest + 


point than when it was lowest. The 1 maximum head in bad years of record, 


however, was 11. 6 ft from the 
Atlantic level ‘down to low Fly 


Pacific tide level. . The maxi- 
mum head in the opposite direc- 
tion, from a high Pacific level ia | 
down to the Atlantic level 
11.3 ft. Since the tidal heads — 

in the directions are 
nearly the same for maximum 
conditions, the convenient 


sumption of a common Atlantic 


fl. 


| AT_ CRISTOBAL 


‘Estimates of velocity for the a TIME IN 


Fie. 26.—Maximum Tipes ror VeLociry Srupres 


using data and methods complete than those available to “earlier 
investigators. Most of the computations were made by the method de- 
veloped by General Pillsbury for analysis of ‘tidal flow. By this 
the channel is subdivided into a number of reaches, and flow i in each reach i is ee 
computed from an n equation of motion in which the frictional resistance is ae 
pressed by the Manning, the Kutter, the Bazin, or any desired flow formula. - 
Corrections are made for ‘chases i in storage, slopes, and other factors caused by eer, 
the changing tides. . The precision of the results depends on the > number | of he 
successive adjustments. method indicates that. ma maximum current 
velocity of 4.5 knots would be caused at the Atlantic end of the canal by the 
tides of Fig. 26 acting on an open . sea-level canal with the Manning roughness - J 
assumed as 0. 024, — 2 This velocity, and all others given in this paper, whether — 


from. model tests or computations, are mean velocities over the entire channel — 


was, 


computation procedure suggested by ‘Professor Bakhmeteff 


Used for comparison. The basic was that of steady flow 


ing tidal estimated maximum steady-flow velocity was 4.6 ‘knots, 
again. using a Manning roughness of 0. 024. 


| Tests on the 1:100 scale hydraulic model of in proposed sea-level cana 


thannel, which i is in paper, indicated a 
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_— current of f 4.4 4 knots, for the same 20- -ft and 2-ft tides. The roughness of the 

model channel co corresponded to that expressed by a 0. 024 Manning coefficient 

the preliminary discussions of these analyses and their in implications, 

Professor Bakhmeteff stated that velocities for tidal flow cannot exceed those 

for steady flow. For the situation at Panama, he reasoned that the steady- 


flow velocities would be only slightly greater than the tidal velocities, since dept! 


“preliminary ¢ alculations show that at periods of extreme flow about 90 per- 
= w ent of the actuating head i is absorbed by friction resistance.” ‘The results of 
the tests on the sea-level model closely support that statement, ‘indicating that 
channel roughness is a controlling factor in — estimate of tidal ——" in 


ervations made on open and ize 
__ provided : most of the data upon which the current understanding of flow is 


Neat 


based The flow formulas in common use were developed primarily from mea- 


— ; made on ‘small test. ‘channels’ by Bazin and other early e -experi- 
ha use 4 


Tennessee River............ —. | Natural earth channel of lower Tennessee River. 

Massissippi River............ In alluvial valley.¢ 

Atchafalaya River........... In alluvial valley.¢ ee. . 

0. 026 to 0. 031 In alluvial valley./ - 


MeNary dam site near Uma- {Stable bottom of sand, grav boulders, and 


Washington ............ 0.036 _‘| Little bank vegetation. 
‘0. to 0.036 | Subject to tidal 
Houston Ship Canal.........]— Coefficient measured 


Dip 


2% 
eIn Watts Bar on the Tennessee River below Knoxville, Tenn. backwater 
A oe ite from Kentucky Dam near Gilbertsville, Ky. ¢* Downstream from powerhouse at Parker Dam near 
& Thtins’ Parker, Ariz. 4 This range of values was applicable to 1928-1930 measurements, omitting widely divergent 
pe OS aaa, oe This range of values was applicable to 1929, omitting widely divergent values. / After clearing 
Bee _ and snagging. Climate is conducive to vegetation. 9% This coefficient, although roughly measured, is 
considered applicable to design. Observations i in 1946, after chagnel had been submerged for 33 


Although the desirability of having the 

ne sora fit data for large as well as ia small channels was recognized, notably 

he by Ganguillet | and Kutter, the information then available on n large channels 
; was meager and i in ‘some cases 1 unreliable. es Because of the importance e of the Missis 
— value i in this Panama Canal study, special effort was made to obtain § the Co 


mn large channels weigh the tion 4 
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Data « on Large Channels from Other Sources.— Tesponse to 

it requests made i in 1946 by The Panama Canal to a number of agencies in the 

‘United States, information on. hydraulic roughness: of large channels was 
8, ff ceived from the Bureau of Reclamation, the Tennessee Valley Authority, and Pras | 
several offices: of the Corps of Engineers. The data were for long reaches of 
“natural an and artificial channels with a considerable variety of slopes, discharges, 


depths, and bed material. ‘The roughness coefficients have been averaged, 


“Al and a summary for channels having hydraulic radii exceeding | 20 ft and flowing ae 
tea é ankfu is | in Table 19. 
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Aig 


HYDRAULIC 


wt 


con 
years. The two most important conclusions reached paar a study of these data Je 
the The Manning for a a river channel is least when the stage is at 


tably or ‘somewhat above 1 norm d tends to increase’ for both 


pnels higher and lower ‘Stages. This 1 fact i is indicated both by the Yazoo River i in ie a 4 
f the Mississippi, flowing i in alluvium i in an area 1 where vegetation is rank, and by a 
btain the Columbia River in Washington, with a rocky, bed and practically no vegeta- 
bility tion on its. banks. The effect is shown in Fig. 27, the several curves 
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At Greenwood, Miss. 


At Swan Lake, Miss. 
Lambert, Mi 
Black 


. b. The bankfull roughness coefficients do not vary greatly | for rivers an 
canals in different kinds of material and in widely separated locations. — “From 
the summary in Table 19 for channels having hydraulic 1 radii exceeding 20 ft, — 


all but one show roughness ¢ coefficient values in the range from 0.024 to 0.031. < 


_ Roughness Gaillard Cut. —Measurements were made a 


ud. A flow of water through the cut was established by opening all the culvert 
valves at Pedro Miguel | Locks after the last ship transit ‘in the evening, and 
continued ‘until necessary to shut down before the first transit i in the morning. 
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G ILLARD CUT 


20.—Rov HNESS COEFFICIEN 


IN WATER- 
SurFACE 


1516-1597 

1397-1640 

1640-1716 

1716-1800 

1800-1887 

1516-1640 x 
140-1887 0.079 | 0.080 


6-1887 0. 152, 0. 15%, 0000046 
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‘from profile ‘computations. The have been determin 

j = as tabulated. The slope term, 00281 18, # the Kutter feecnacens is omitted in the modifi 


OK temporary gages were established for these tests and their zero ‘ane rations “3 
Were e determined by simultaneous Teadings of. all gages during a ‘preliminary 


run with | quiet water surface and n no . flow thro gh the cut. Ana average dis- 


a 


> 


oo 
“RE 
tm 

‘slope, ion | ity | Sadius, Chézy | ning | 
= “slope, area, | (ft per | | — 

0000052] 15,800] 1.39 — 
0.0000023| 21:500| 1:02 038 
0.0000057| 15,200} 1.44 — 

— 
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of 000 cu 


ce ade detailed survey made i in | 1945. — 28 shows the locations of gages and the 
ae e S observed water-surface profiles, and Table 20 lists the coefficient values found 
for different flow formulas. The depth of the channel was quite ‘uniformly. A 

and tl the minimum bottom width \ was 300 ft ft, but the width and cross- -sectional - 
area varied considerably i in reaches where the channel passes through bends and 
old slide areas. _ The nature of the bed and bank material varies from very hard 
cane to soft rock and clay. Fig. 29 shows the nature of ‘the channel just before 
water admitted, superimposed lines indicating the ultimate water leve 4 


‘The measurements were made with great care, working at. t night to av oid 


interference from traffic and wind » and allowing s several hours | on each of the 


ee. two test dates for water levels to become well stabilized. « Roughness coefli- 
one cients: for each of the five reaches into which the _7-mile test section was sub- 


"divided are very consistent, ‘as shown by Table 20. i Observed coefficient values 


of 0.0265 for the Manning formula, 3.3 for the Bazin formula, and 0.33 for the 
Kérmén-Prandtl formula fall within the expected Tange. The unmodified 


Kutter formula, however, gave the high coefficient value of 0. .053 because of 
flat slope of 2 in. in 7 miles. _ An n-value of 0.023 was 
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fall within the classifications | of hard, aad soft rock. ‘Therefore, 
‘Toughness coefficient representative of a Tock ‘surface like that of the existing — 


_ The Manning formula was adopted for use in the studies for the improve- 
ments of the Panama Canal. The range of Manning roughness coefficients 
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urces 8 generally between | 0. 024 and 0. 031, which include the Gaillard 


tion of velocities in a vemetovel ‘canal , where the use of the highest velocity that 


tated in the Canal Zone for the study of 1 maximum tidal currents and of the ae 
paeral hydraulic ssisapeaer: that would arise in the 
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sea-level canal. entire length of the by 6 600- navigation 
¢hannel_ reproduced, and also the Atlantic and Pacific entrances out to 
yaa deep water, to insure accurate simulation of flow into and | out of the canal. At 
= the scale of 1:100, the model was nearly half a mile long, simulating a total 
_ prototype length of about 45 5 miles and including some 35 miles" of restricted 
S channel. - Varying side ‘slopes were used, to agree with the design slopes for the 

different ‘geological materials through which the channel would be cut. The 


re _ model was s built outdoors, with a cover of corrugated sheet metal laid across hen 


of ‘Yelodity and of in water level and he- 
ee cause it was expected to reproduce the flow conditions correctly. Experience 


ba with other models had indicated that an ordinary concrete surface in a model of 


vey 
4) 


ae ie ‘this scale would ‘simulate the roughness of the full-size channel more accurately 
sac 
than would | a larger ¢ or a smaller model. expectation \ was fulfilled w hen 


the resistance coefficient for the model channel, ‘measured under conditions of 
“steady flow with differential head equal to that for the maximum tides, was 


= to correspond to the selected Manning coefficient of 0.024 for full 


ze eanal, and ‘no were nesded. > 


SIGNAL CONTROL DEVICE 
GATE 
x 


RECORDER CLOSING OF THE UP OR DOWN CONTACT 
ACTIVATES THE REVERSIBLE MOTOR 


REVERSIBLE moror 
BABS. 
wooo BAFFLES - 


[-WATER LE fe. 


ee al || 
FLOAT 


STILLING 

was built without distortion to insure, as far as possible, that 


ag dynamic similitude was obtained, because the absence of an existing ‘prototype = 
Ps: prevented making the extensive tests that are essential for the e verification of - 
tes a distorted model. Since gravity is the predominant force in this case, the 
ea time, discharge, : and velocity factors were used strictly in accordance with the 4 
rapt or Froude law, which considers gravity as. the only factor affecting the motion of — 3 
ater. Flow : ‘at the Atlantic end of the model for maximum tidal condi- 


tions would meet the Reynolds’ criterion for turbulence saat t 96% of the time — 


— 

\ 
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of 2,000).2 ' This situation covers all the 
critical conditions where accuracy is needed. . Regardless of scale, laminar | flow 
i cannot be avoided entirely in this model since the — must be zero at oe 
ted _ Tide Machines. —Tide-control mechanisms were installed at each end of 
‘model to reproduce the tidal variations of the prototype to proper ‘time 
The scales. The machines were made by the United States Waterways 
the Experiment Station at Vicksburg, Miss., following the design” which had 
proved satisfactory in 1 other models, and 1 installed at Panama under their 
“a supervision of ‘Experiment Station personnel. ‘Figs. 31 and 32 show the tide- 
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vines 


e solid arrows in Tae 32 indicate continuous flow in one direction, whereas ae 
indicate 1 reversing flow ‘that changes in direction with every 
in Gas. The basic element of each tide machine i ‘isa replaceable cam 


"operate a waste gate in ‘the system which controls the rate of 
model inflow or outflow | so that the actual | water surface closely | follows the | 
Principle of Tidal-Model Operation. .—The principle of operation for this 
- model was to control the water levels at the two ends to follow the desired oh 
tides, and to make observations of the water flowing back and forth in the oe : 
channel under the influence of those tides. Any desired combination of tides 


could be used, and any desired modifications could be made in the operation of 


4 ia structures. To observe the effects of any modification, it was 
always necessary to operate the model through one or more complete tidal 


| 
er 
Fig. 32.—Warer-Suppty System at Pactric Ex 
per of locations. This procedure differs essentially from that used on the ee oe pe 
river model, where tests are normally made with steady flows, and ae ~~? . 
Hydraulic Models,” Manua Practice No, 25, ASCE, 1942, p. 36. 


> 
isurely adjustments be made until the experimenter 
certain that a test run is satisfactory. To repeat any measurement on a tidal — 
model, however, a full tidal cycle must first be run—which, for a 1:100 scale, — 
requires 1.25 hours—and a a crew of observers must then make the ecm 


in as short a time as conditions change appre- 


were” measured with pigmy current meters of the United States 

Survey type, which were recalibrated at frequent ‘intervals. For velocities 

dower than about 0.2 ft per sec (corresponding to full-scale of 2 ft per 

sec), the meters were supplemented by measurements with consisting of 
corks supporting metal vanes suspended at a six-tenths depth. Observations 


made simultaneously by observers: at the different stations, at intervals 
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stated, the current that would be created at the 
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DEPTH=80 fre 


(6) FLOW TOWARD ATLANTIC WITH 
HIGH PACIFIC TIDE 
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— .. — made in the model. Water levels at the extreme ends were measured nd = we 
———— ij} recording gages which form part of each tide machine, and automatic re- — 
rela 
34 
3), 
| 
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ws 
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wf 
—— 
_2-ft Atlantic tides has been indicated as 4.4 knots by the sea-level model,as  @& 
computation, and as 4.6 knots by steady tlw 
Fig. 33, showing velocities and discharges Ge 
nit 1 the sea-level model, indicates how the maximum velocity 


occurs at the opposite of canal from the strong tide it. 


- The upper diagram indicates conditions for maximum flow toward the Pacific 
depths and velocities are nearly constant. throughout the canal. With 
flow toward ‘the ‘Atlantic, however, as indicated i in 33(), the 


we 


3 relative velocity of the flow. ae the Pacific tide was high lee 12 fe : 


water 


NUMBERS SHOW LUNAR R HOURS 


wis 


> Pacific t tide dropped, the flow would: d slacken and then change direction. 


r a short p perio during the change, water would flow out of each end of the 
canal, and then the flow throughout the canal would gradually ix increase — i; 
maximum strength toward the Pacific (hour 6, Fig. 34). _ A similar sequence ae $23 
fows j in the opposite direction would occur the next half-cycle of 6 hours 


always vary gradually and continuously with no abrupt differences, and wonld. ¥ 


ilways change direction e every 6 hours. A sinusoidal curve would bea gat rep- 


Teentation of the velocity at any point. 


. 
Compar: of Model Velocities and Velo cutie. 8.—F ig. 35 shows t the 


theerved v velocities for r unregulated tidal flow : at the measuring stations nearest 


Atlantic end ¢ at the poi 
of the chan: int of smallest a 
md of the channel, -cross-secti = 
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when carried to different degrees of refinement. The agreement i is 
ern ice very close throughout the tidal cycle as well as at the maximum points. | The * 


“second ad ” show the b 
“second ac justment computations which show t | agreement were eartied 


out only for the combination of 20-ft and 2-ft tides. For most of 
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GOMPUTED VELOCITY,PRIMARY CURRENT, FIRST RECOMPUTATION 


at 


COMPUTED VELOCITY,FIRST ADJUSTMENT 
MEAN VELOCITY MEASURED IN SEA- “Lev 
20 AND 27,1947 
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4 20-FOOT PACIFIC RANGE BY 3 HOURS 


q 
Fra. 35 —Compurap AND Opservep CuRRENT Vexocitres, UNREGULATED CANAL 


- the simpler “ primary current” computation was used, which agrees very closely 


~ for the maximum velocities and is “approximate only for the less. important 


smaller velocities. applying his computation method to an example of 
tidal flow i in a Panama sea-level canal, General Pillsbury (in a letter to The 3% | 
Panama Canal, dated February 1, 1946) has concluded: 
(1) “ that the corrections produced from the somewhat extensive 


ee computations required for the second adjustment are quite small and are 
_. in fact well within the uncertainties inherent in the selection of the proper 
a coefficient of roughness, and in the dimensions of the canal as actually | 
isesks “* * * primary currents afford a reliable indication of the magnitude 


a 


ne 


of the iced to be expected in 1 an open sea- ‘level canal across the )Isthmas.” 


Table 21 shows a summary of computed (the Pillsbury primary current 
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average of 


ad = 
reached 1 ing the tidal cycle. 
velocities measured at seven pointa across the width: a the channel. Velocities 


TABLE 21 .—CoMPaRISON oF CoMPUTED AND Mover 
Maximum TrwaL Currents IN UNREGULATED: 


Computed 
Atlantic end 


Atlantic | 
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a tidal cycle and for any position : along y 


Fig. 36 shows, for any time during 
the channel, the velocity that would found at that point. “contours, 

= which w were drawn beween values observed for several ¢ cycles in the sea-level pie. 


= model, indicate the regimen of velocity for the combination of 20-ft 


im tides and 2-ft Atlantic tides. Sets of diagrams of this kind, for the full range — 
of tides, | have been useful in navigation st studies, since lines can bed 
n A 


of tides, have 
to represent. ship transits at different. speeds and directio1 
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TIME IN LUNAR 
Wee: 36. —Truz- ‘Posrr1on- VeLociry 
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= ew Flow Toward the Atlantic 
greater flow toward the Atlantic during half of each tidal cycle than toward the | 


; Pacific. during the other half. The water in the channel would move alter- 

* nately toward the Atlantic and then toward the Pacific with the changing tides, 

with a net advance of about 5 miles per day | toward the svg ae indicated by 
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movement 

was found’ 

was s that of December 19, 1937, when the ‘19. 44- ft i Pacific tide range averaged Fs 
he computed net movement o 

rater | (a second adjustment computation made by General would 


cs Comparison of Steady-Flow and Tidal- Flow V elocities. .—Table 22 compares 
maximum velocities for steady flow. and tidal flow for different tidal ranges, 
as observed i in the sea-level model. a With minor exceptions (which | are. 
ae tributable to experimental error), § steady-flow velocities are slightly higher. 
Se Computed velocities for steady flow agree closely with model results. The 
data support the opinion that tidal velocities should not exceed velocities for. 
ee steady flow between the corresponding extreme water levels. _ Velocity. com- 
Ne putations on the assumption of steady flows are not difficult to make, but this 
a procedure indicates only the maximum v velocity i in either direction. ; The Pills- 
bury method, on the other hand, provides successive values for vi velocities and 
cs water levels at all times during the tidal cycle. dt For this reason it was generally 
—_ as the basic computation method for salitacaia studies of velocities in the 
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Mi inor Velocity Reduction by Channel | Enlargement.— has been indicated 


‘in Fig. 33, the ‘maximum tidal current in a sea-level canal with constant width — 
and constant depth below a line connecting the low water levels would occur 
it the Atlantic end where the cross-sectional area is least. - This velocity could 

be decreased to some extent by deepening or widening the canal at the Atlanti 
; end. et Any such enlargement, however, would increase the total flow capacity 0 


the channel, and the velocities. would be increased throughout the tidal cycle 
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model for the 20-ft and 2-ft ti _ For 
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greatest reducti 


ion in velocity could be obtained by a nite aged 


to be by 16%. The maximum current for a a 20- ft Pacific tidagpould be 


. reduced from 4.5 knots (as ‘computed by the Pillsbury method) to 4.0 knots | 
which would then prevail for ; most of the length of the canal—the current at 


- the Pacific end being increased while that at the Atlantic end was id ae. , 

i URRENTS IN A R 


—Tidal currents 
‘sea- -level canal could be regulated re wenn by the structures. shown i in n Fig. 


Viewer, 0.5 ears and 4.5 knots. ‘ The value of 0.5 knot would be the current 
-. dened by the action of a 2- ft Atlantic tide i ina canal closed at the Pacific — 
end, and the value « 


: of 4.5 knots would be that produced by the combination a 
-20-ft Pacific and 2- ft Atl Atlantic tides in the open channel. Fig. 37 the 
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Fro. : 37 oF SrrucTurREs 


tidal: flow which would cause currents in excess of the x 


Tig 


38 8 shows schematically the operation o of th the regulating str eae: ay 
ta tidal cycle: - The ac action of such structures may be considered as replacing 


on the canal side of the structures which would produce currents not 
cee the selected limits. For a 2- knot limit the regulated tide would be 
» For a a higher limiting current, the 1 — range would be greater 


ere 

“would return ‘approximately | to Atlantic tide if no water W were 
through the tidal-regulating structures after point C, Fig. 38. ~ Reopening « of - 


the navigable pass would then be delayed beyond point E until the natural — a 


function “> water-control 
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d would stay, ‘open for a longer total time. A similar Sequence a events, 
but in the’ opposite direction, would occur during the remaining half of each <a 


On the basis « of the idealized conditions indicated i in Fig. 38, the ——- 
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@In model test, pass was kept open 8 hours per day. bIn test, pass was host 16 hours p 
© In model test, pass was kept open 3.8 hours per day. 4 In model test, pass was kept open 8 hours per 


er day. 
day. 


for different velocity limits in the canal. If the 
led can range the vertical distance between points E and F, then the perio P 
se when en the p pass could remain open ik is the horizontal distance along the time scale 


points E and will vary with of rise of the 


structure is to permit the release of a limited flow of water from the canal to tid 
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. 39 shows one cycle of model 


natural tid be ween controlled velocity, 
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acific ide, for wre the navigable pass remained open for one 55-mi 


Py a. and for one 60- min period during each 12 hours. In this test the 


~ navigable pass was used for flow regulation instead of the water-control struc- 


ture. — . The regulated velocities are shown also in the time-position-velocity 


of Fig. 40. Comparison with the similar diagram (Fig. 36) for unregu- 


lated tidal velocities shows much the same general velocity pattern, but 
course with reduced maximum values. The model tests made thus far (Octo- 


¢ ber, 1947), which have also covered other tidal ranges and velocity limits as ins 


dicated in Table 23, have demonstrated the possibility of controlling currents 


and keeping ‘the open for periods approximating the computed values. 
dditional testing and analysis of model results will be necessary, however, to. 


for schedules for routine e daily. operation of the canal, 
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AND ies E. ‘Bowens, a 


Model Basin was to obtain information which would be. “of assistance in 
_ selection of the cross-sectional dimensions and in the design of bends for speci- es 


fied conditions of canal operation. © The tests were sponsored by the Panama ees 


of the. channel for both one-way and two- -way traffic; 


first hone were conde 


0.4025 A |Outward | 


| Length« Beam Lengths | Beam Draft No. Rota 


Water-line length of Joaded By 


lt was a: that the two primary problems in the selection of cana 


‘lected in the ‘end (6) the change of level of ships i in the canal. 


Research and Develo ment Laboratory, _Kimberly- Clark Corp., Neenah, Wis.; 


ag, David Taylor Model Basin, Dept. of the Navy, Washington, D. C 
Student, Univ. of Minnesota, ‘Minn 1 
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3 <—* The models representing larger ships were selected for test on the basis « of 
difficulty of handling in restricted channels . The model of a “Liberty” 
was selected fof test as representing an average ship transiting the canal. 

particular object of study was to discover the effects on the Liberty ship w wae 
meeting and passing the larger vessels. Table 24 gives general 

ae information on the various ship models used during the investigation, 


gravity center of the chip a and the prism 
4 line; V, be the water speed; V, be the ship 


é 
me 


tes 


be the angle of yaw: the restricted 
channel infestigations, Froude’s law 
as a basis for adjusting velocity, 
of change of rudder, and revolutions p. per 
‘minute on the propellers, to produce 
ditions similar to full-scale ‘operations. 
Froude’ s law sets forth a nondimensional 
a parameter \ which is used for model ‘studies: 
in which gravitational influences predomi- 
Another nondimensional parameter used to ‘express the effect of Vis- 
on the flow about a vessel is the Reynolds number, 
The model and the models of ‘the restricted channels w were 


structed” geometrically similar for the various test _conditions—that is, all” 


— dimensions were leo directly i in accordance with the selected scale 


“would be similar if ‘the ‘fluid “properties were such that the of and 
Reynolds numbers, respectively, are equal for model and full-se ale conditions 


ita- 


for the effect of viscosity, i ce 
See 


in which V is the velocity, in feet per second; aisa ar dimension 


feet a fixed boundary ¢ condition; ¥ is the specie weight, | in pounds 
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The effects of viscosity will not be large “enough | to read by scale if the wae 


per cubic foot; p is the density; in per. cubic foot: and is the dynamic 


of 7 Reynolds number is 80 » small that a large part of the boundary layer is laminar 

ip rather turbulent. actual size and scale ratios of the models used i 

A. ‘this investigation ‘insure that the Reynolds numbers are large enough to 

en preclude the scale effects produced by viscosity. Consequently, it was 
nd considered necessary to employ the same Froude number for the model as for bs Sea ie 
the full-scale condition. Thus, the following relationships f for time rates and 


1) Riek for the model (that is, rate of rudder ‘movement, revolutions 


| » 5 per minute of the propellers, rate of ealling orders from ‘ ‘pilot”’ to ‘ ‘quarter- 


master,” "and any other time rates) should equal the time rates for the various = 


th dements on the full-scale ship m by the s square root of the | linear ratio. 
‘sm Velocity for the “model ‘(that is, speed of the model ship and ve velocity 


hip {§ of the water in the channel during moving water studies) should equal the aad a 
the & locity of the full-scale vessel divided by 


a 


per ofthe that additional One of these. phenomena’ is 
con- fm Popularly referred to as “‘bank suction.” — Bank suction occurs when a vessel ie: 


ons. {@ closer to one side of a restricted channel than it-is to the other side or when gat #3 suraa 
Ul joe 


onl the vessel passes projections in the channel. Its effect is to cause the vessel Se 


to sheer or deviate from its ‘original course. os It could be described as an in- oe aa 
omi- teraction between the ship and the channel boundaries. Asa . result of this Sains Boat. 
‘vise “lect, an asymmetrical flow ‘distribution develops: on the two sides of the 
= vessel, creating unbalanced forces which tend to force the vessel off its original . “eis 
con course, the vessel is under way it in a restricted channel, on a course parallel 
all § to but to one side of the center line of the channel, the water surface between es n. 
scale im we bow and the near bank will build up above | the level of the normal water ee ae 
pres surface with the result that the bow is forced away from the near bank. See Sauk 
_ pte water flows aft along both sides of the vessel to fill the void left by the se ete. 
stern, the level of the water surface drops below the normal surface level. “ er 
The ¢ level of the water surface between the vessel and the near- bank drops ms aa 
lower than the level on the other side, with the result that the ‘stern of the — 
Vessel j is forced toward the near bank. iA The net result of the difference in water 
level on the two sides of the vessel is to cause the ship to’ sheer away from the + 


Mea | bank. Ins some instances the sheer that results cannot be overcome by 


= 


RE the rudder and the vessel strikes one of the banks. — Iti is necessary to use a ae 
&§ udder ¢ setting which tends to turn the vessel toward the near bank to counter- _ 
) BR Mt this effect. _ Thus, if a large vessel were near the right bank, it would b Ra 
to. ‘use ‘ ‘ight rudder” to counteract this effect. If it were desired to 
sion, return to the center of the channel, the rudder could be. eased off enough to” 


illow the vessel to return cdi to the center. If, by using selected rudder Sa x 
jales, the heading of the ve n be maintained same to the bank while ee? 


younds 


: 
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ces acting on id 

the vessel will es a force toward vi wens bank. — If this heading i is maintained nece 

- de a time, the vessel will move bodily into the : near bank. However, if the vess 
vessel is given a slight angle of 3 yaw w away from the near bank and a rudder a angle of tl 


a just sufficient to counteract the yawing moment, both the side force and moment istic: 
se % Sool will be neutralized and the vessel will maintain a path p parallel to the bank. Br ‘simi 
Another hydrodynamic phenomenon that may be serious during the tran- “hu 
siting of vessels through restricted channels is the change of level of the vessel. “eval 
When | the vessel is under way in shallow water or in a restricted channel, the | type 
water ‘surface i in the vicinity of the vessel drops below the level of the normal I secti 
cee water surface because of the increase in the velocity of the water as it flows e. C 

‘a AY around | the ve vessel, and | the vessel | drops with it. If the initial draft of the vessel and 
quite large with respect to the depth of water in the channel, the ship n may unre: 
fay touch bottom if under way at ‘Telatively high speeds, whereas it would have tests. 

ample clearance if it were stationary or traveling at a low speed. The magni- [ mode 
_ tude of this ae of level i is a function of the e ship speed, the dimensions and ~The | 


Relative straight-channel, one-way, traffic, still-water studies of Mod 
performance in restricted channels, primary ‘emphasis was placed « on an in of a 
vestigation of (a) the relative controllability of specified ships i in channels of long. 


"various cross- -sectional dimensions, and (b). the change of level of oe in re chant 


was omitted eis this investigation, is the resistance of ships in restr chant 
channels. In the past, ‘many in investigators have concerned themselves with the | depth 


r resistance of ships in shallow water, but few have treated the problem of ship & slat si 
istance in restricted channels. Information on ship resistance in shallow 
is available in ‘several places. available ‘infor- at the 


: 
mation on ship resistance in restricted channels ; appears papers by, G. 8. specis 
Baker,* Francis Roubiliac,™ F. Nelson and T. Izubuchis and § S. N.4 any y 
 Kidkai,* although additional data on barges have been obtained. if, in eitl 


of in Canals,” by Charles E. Bowers, David Taylor Basin, carria; 
%“*Barge Canals—Dimensions,” by J. M. Rankine, Encyclopedia Brittanica, 14 14th Ed., 1929, Vol. 4, forma 

Lars gare “" 1The Relation of Depth of Water to Speed and Power of Ships,” Engineering News, Vol. 53, 1905, 


Der Schiffswiderstand i im bergrenzten Fahrwasser und sein Einfluss auf die Groesenverhiiltnisse der 
mo ws = Schiffahrtskanile” (On Ship’s Resistance in Limited Waters and Its Effect on the Relationships Between 
Si the Sizes and the Channel), by M. Graevell, Der Civil Ingenieur, 1887, pp. 87-110. a 
%**The Influence of Depth of Water on the. Resistance of ‘Ships,’ " by Charles. P. Poulding, 
Resistance of Some Merchant Ship Types in Shallow Water,” Herbert | Cc. trom 
actions, Soc. of Naval Architects and Marine Engrs., Vol. 19, 1911, pp. 83-86. = ee 
i 41 ‘*Modell-Schleppversuche fiir Lastkahne im Kanalprofil’’ (Model Towing Tests for Barges in 1 te 
Channel Profile), by Karl Schaffran, Schiffbau, Vol. 16, No. 13, 1914/1915, pp. 321-326. _ a 
_ __ _32**A General Discussion of Resistance and Power Consumption. of Ships in Diff ferent Depths 0 of 
Water, by David W. Taylor, Engineering News, Vol. 53, 1905, pp. 276-279. x 
8 “Steering of Ships in Shallow Water and | Canals,” ‘by ( G. 8. Baker, Frenenclons, Institution of of Na Nan 
a Architects, Vol. 66, 1924, pp. 319-340. 
_ ‘Speed of Canals,” Fraticis Roubiliae, Minutes of Proceedings, Inst. Vol. 76, 18, 
Vessels i in Restricted Waters,” by F. E. Nelson, U. Naval Tost, Jue, 


1928, pp. 446-456. Pig 
_ “Experimental on of Depth of Water ‘Upon of by 

Inubuchis and 8. N. Z. Kidkai, N4 Autiimwerting, Soc. of 1937 
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re aa: investigation n of the controllability of ships in restricted channels is 
necessarily quite complex. | It involves the effect of interaction between the — 
the | vessels and the channel boundaries (bank : suction), the steering characteristics - 
ngle of the vessel, and the effect of the restricted channel on the steering character- 
rent & istics of the vessel. If an attempt i is made to maneuver the modelina manner 
oh similar to the ‘maneuvers of a full-scale vessel in a restricted channel, the - 
ra- “human element” or skill of the pilot becomes important. th an attempt 
ssel. evaluate these factors; two general types of tests were set u up. Ineach of these. _ : 
types } it was planned to test several ship models in channels els with various ‘crose- ccs 
jows type | of test, the so-called observational tests, consisted of 
essel and photographing the models’ while they were under way and completely 
unrestrained in a restricted channel. ie The other type, the force- measurement, 
have tests, consisted of the measurement of side forces which developed when the 


> 
agni- model was held at various transverse positions in a stream of moving water. 
3 and The side force and yawing moment were measured for Various: rudder r angles - 


and angles of yaw. In addition, the rudder. angle required to overcome the 
turning moment caused by interaction was determined. 


Observational Tests —The observational tests were conducted in a Taylor 
f ship Model Basin facility known as ‘‘the shallow water basin.” - This basin consists ee 
in in- of a concrete-lined channel, 52 ft wide, 10 ft deep, and approximately 300 ft 
els of long. 4 Fig. 42 is a photograph of the basin. . The central part of the restricted 
in re channel i is made of steel sections with adjustable sides, 50 that the angle of 5 
which slope e can be set at 18°, 30°, 45°, or 90° to the horisontal. ts The width of the = 
ricted channel can be varied by moving one or both sides along the basin floor. The 
th the [M depth of water is varied by changing the water level in the basin. ‘The wooden Fete é 
f ship slat ‘structures outside the channel, and at the near end, are arranged to break ae siete 
nallow up waves and surges set up by motion of the model... The ship model, shown a 
infor- | at the far end of the channel in Fig. 42, is operated by distant control from the 
G. 8. special platform under the towing carriage. _ The water depth can be set at 
N. any value up to 10 ft. towing carriage, which spans the basin, can be run 
_‘ neither direction at speeds up to about 8 knots. The functions of the towing Be * 
1 Basi. mB carriage are (1) to tow models that : are being tested for resistance or other per- 
wa ‘ formance characteristics ; (2) to provide a movable observational and photo- 
Bl graphic platform, and power ‘supply, for studies of self-propelled. models; - and 


to accelerate self-propelled models to the desired speed in a short time, 


2, 


& 
w 


i The two steel walls were placed on the floor of this basin to form a smaller 
' thannel. The over-all length of this channel was 180 ft, which is equivalent — a. 
g, Marin 

a a t approximately 1. 5 miles of full-scale channel. Its width could be varied — 

er, 


eed from 0 to 23 ft. The side slope of the walls could te varied from an angle with 


ges in the the horizontal of from 18.25° to 90°. During the observational phase of the ; 
Depths of i ests, the walls were set at an angle of 45°, Fig. 43 is a photograph of a model | cape 

1 of Nev running through : a restricted channel 60 ft deep and 300 f ft wide with side walls bs ae 
45°. The “pilot” issues orders to the helmsman who steers the self- 
we propelled model by the remote-control rudder gear located on the lower plat- ag 


forma ¢ of the towing carriage. fs The flexible cable at the stern carries the electrical ig. - 
gid and is held in position 2! the movable boom. The reflector mounted 


— 
E, 
iia 
— 


PANAMA CANAL 


2 


SHow1ne THE ResrrRicTep 


s 


= 


B 


— 


\ 


PANAMA CA 
near sar the bow casts a ‘aia of light on a ‘Nortevatel scale at the far. end of the 
2 channel, thus giving the pilot a good indication of of f changes i in the ship’s aie. 
; The tests in this shallow water basin were conducted using Taylor Model ae 


a: Basin models 3769, 3748-4, and 4018; and they represented cl channels of 300 ft, 


500 ft, and 700° ft wide at the bottom with a 1: :1 side-wall slope. Each 
% width was tested with depths of water of 45 ft, 60 ft, and 80 ft. The scale = 


fer 


Tatio for the model studies was 1:45. On the basis of Froude’ Ss law, Ss 
q model speed. during the tests was equal to the full-scale speed divided by the a n 
square root of 45. For example, the model speed corresponding to 10 knots _ re 
seale was 10 divided by 6.71, or 1.49 knots. 
types of observational tests were conducted. One type (referred to 
the “rudder release tests”) was for the purpose of obtaining | a comparison 
z ‘the bank suction or interaction for various off-center positions of the ship in Gi sa 
the channels . The nature of the tests was such that the magnitude of the — as be 
moment, caused by interaction between the ship and the channel 
boundaries, was obtained in terms of the rudder angle required to counteract it. er. eS 
question may be raised with regard to the » advisability | of expressing 
+ the yawing moment in terms of rudder angle rather than i in @ more orthodox 
form such as foot-pounds. advantage of this method is that it expresses 
he moment in a term which i is familiar to most people who are acquainted — pee 
- with the handling of ships. On the average ‘ship the maximum rudder angle - a 
can be used i is approximately 35° Thus, if the 1 tudder angle required to 


= the bank suction or interaction, for some specified condition, pear 


from 25° to 30°, it i is obvious that the moment is is quite large with respect t to We 
maximum counteracting moment that can be developed by the rudder. 
disadvantage of method, in some instances, is that the turning moment 
developed by the rudder may n not be directly proportional to the rudder angle 
Th conducting the first, type of observational tests, the was attached 
tothe towing carr iage by two pins which held the. longitudinal axis of the model - 
to the center line of the model canal channel. The towing carriage 
- as then accelerated to the desired speed and at the same ¢ time the speed of ae 
- the propellers of the model was increased to that which would propel | a. . 
‘model at the desired speed. ‘The n model was then released from all contacts 
cs with the towing carriage, with the exception of a light flexible cable that sup- 
; plied p power to the propeller motors. The path and heading of the model \ were 
_ Obeerved from the towing carriage. A light source on the bow of the model ea en 
- east a 2-in. beam of light along an extension of the model center li line to a hori- re 
—gontal: scale at the end of the channel. ‘By observing the movement of the 
4 beam, the observer could note, instantly, | the changes in the heading. of the ian 
model. should be noted that the purpose | 
é accelerate the model in as short a distance as ‘possible, thus providing the maxi- 
: mum length of the channel available for observation of the unrestrained model. ie 
m The model was attached to the towing carriage | on ‘a line parallel but to one a 
z tide of the center line. If the rudder had previously been set. at zero, it would 


the model sheered av away from the near wall o on release from the 
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center position. Before it a second time the rudder would 
eS get at t an angle which would | normally turn the model toward the near | bank, va 
pe a the model again sheered away from the near - bank, it would be returned to 

the | carriage and the rudder angle would be increased. procedure was 
ov until a rudder angle was selected v which would just counteract. we | 
yawing moment caused by the in nteraction. After this rudder angle had been 

selected, the procedure was repeated at several higher speeds. The model 
ns was then moved to a ‘point farther off center and the ‘complete procedure w as 
repeated. In this manner, data were obtained for the rudder angles required 


counteract. interaction at various off-center various speeds, 


and for channels with various widths and depths. 

= 300 feet 


13 knots 500 feet 


re, 


Angie in degrees 


w = 500 W = 700 feet Channel dimensions: 
20 Side slope =45 degrees 

Length = 900 feet 


‘Fis. 44.—Rupper ANGLE FOR AS A Funcrion oF THR 
Brrween THE CENTER LINE OF THE CHANNEL AND ‘THE (CENTER OF 


ee Fig. 4 44 is a plot of the rudder angle required to counteract ibitention: or 


3 bank suction against distance between the center line of the channel and the f 
oe center of gravity of the s ship. _ Specifically, these rudder angles are required to _ 


counteract the yawing moment that: exists when self-propelled model 3769 is. ‘ 


ss Data for several channel widths and ship speeds have been plotted 0 on 2 ee 
graph for purposes of comparison. a given ‘speed the distance that the 
angle m may be selected for each channel width. ie It may be noted from poe 
data that the rudder | angle required to counteract the effects” of interaction is 

especially on the ship speed ata 45-ft_ depth. Furthermore, the 
the rudder angle | is much 
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steeper at the depths and narrower widths. In most instances 
rudder angle for equilibrium was measured for at least three off-center positions — 
of the ship. _ These positions were varied | for each width of channel so as to. 
cover the proper range of rudder angles. For selected channel widths and 


ship ‘speeds, the curves are indicative of the effect of channel depth on the | 
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ya ng moment ee ‘by interaction. It may be noted that, for the 300-ft 
vidth, the yawing moment caused by interaction at a channel de pth of 60 ft = 
leas than half as great, in terms of rudder angles, as it is for the 45- ft depth 

An increase in depth from 60 ft to 80 ft causes a further decrease in the re- 
‘quired rudder angle but the additional change is much sm aller. For channel — 
Widths « of 500 ft and 700 ft, there is a similar decrease in the required rudder — 
_ Subsequently, man tests | were e conducted on 1 the model of the n naval 
Vessel as well as onm 


were conducted i ir 
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comparing results” between that ality and the shallow 


Location of tests; 
Shallow Water Basin Ship 9 


Channel dimensions: 
“Bottom Width=500 feet Water 5 knots 
Side Slope = 45 degrees 
inp 
Type- Modified Liberty 
2 Beam=59.84 feet a 


“Ship Speed = 9 knots 


Water Speed=5 knots 
ahead current 


Br 


of Channel and of Ship i in feet 


—Ruvupver FOR ILIBRIUM AS A FUNCTION OF THE DISTANCE 


THE LINE OF THE CHANNEL AND OF 

‘With reference to Fig. 4 45,. , the data 3859 in the circulating 


water channel w ere by holding the model stationary at various trans 
ina moving stream of water. The test methods are described 

in the section entitled “Force-Measurement Tests. ” Similar data were ob- 

tained i od in the ‘shallow water basin, by the methods just described, f for both still 

water and currents. The data indicate that the two facilities produce nearly 


Also, the i interaction between the s ship and the channel 


moving water at t the s same 


— currents in 

bo 

— fro 

ve 
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tor’: a ship i in both still and 1 moving water . (These 
are. based on self-propelled tests of model 3748-4. The rudder angles are re- 
quired” to counteract the yawing moment that ‘develops when the ship is 
ee one wall then the other.) i For the same ship speed \ with respect to the we water, ; 
the curves i indicate that the rudder r angles are d dependent ¢ on the current. | How- a 


ver, the maximum difference between the curves s for practical operating condi- 


A second type of observational test was based on maneuvering na 

: propelled model by remote control. — Throughout the tests an effort was made 

to duplicate full-scale operating conditions as closely as possible. In ‘these 

- tests, the model, when acqelerated to the desired speed, was released from all 

= 

- contacts with the e towing carriage, with the exception of a light flexible ‘cable aoe. 


which supplied power to the propeller and rudder motors. closing a , double-- 


throw switch on the towing carriage, the rudder on the model could b be moved hi ang 
to any desired setting. This setting could be altered as frequently a as 
throughout the run. A’ large indicator was mounted on the stern of the model 

5 which showed the instantaneous rudder angle at. all times. _ In addition, the fee 


angle was indicated by a a “selsyn” system on the model control | panel 
of the towing carriage. — By observing the movement of the > beam of light from i 


- the bow, the observer or pilot could note, instantly, any y changes i in the heading ae a 


the model. During the run, the pilot attempted to maintain the on 
“course parallel to or on the center line of the channel. — 

: ey an assistant manipulated the controls which actuated the rudder 

after the model was released from the carriage, it was at inter- 
-vals of about 1 sec by an overhead camera. ~The | camera provided a record ae i 


Soon 


the path of the model, its speed, and the rudder ¢ angles used. 
_ During this phase of the tests, , ans attempt was: made to maintain a course ne 

q parallel to, and at a specified distance from, the center line, as well as directly es 


_ on the center line of the channel. _ This semnediinn differs somewhat from actual _ a 
_full-sale operating conditions it in that the pilots: usually to stay on 


attempt. was also made to separate runs for various is speeds ranging 


epth of was important with regard to ease xe of handling. At the 
pat and 80- “ft depths, it was much easier to control the model and to ‘maintain ne ne 


Ses 
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thought that the off-center runs might provide additional infor 
 Reuvering runs were taken af about three transverse positions in 
i 
rans — 
the top speed of 15 knots because of excessive change of level of the model 
ob- 
rear 
nearly 


During these tests (whieh were made to find the maximum 
cag tm tances at which specified ship models could be satisfactorily maneuvered), fia 
certain phenomena were allowed to develop and the resultant action of the 
vessel was observed. It it was antes that, in n any off-center in the 


> 


there was a sudden drop i in the water surface between the stern of the vessel and 4 


Aik 


co 
nm 
= 
@ 
Lor 
oO 
= 
>= 
q 
= 
> 
& 


— near bank. As a result of these conditions, a moment was produced which — * 
ig tended to increase the rate of swing of the bow. If the condition was not [a 
a corrected immediately, the vessel would develop such a sheer that application i de 
TES, rudder would not bring the vessel into a condition of equilibrium. — _ As .. ty § 
: be a result, the vessel would sheer across the channel and the bow would strike th § 5 the 
far the stern would be forced into the near bank. if the heading of 


“~~ 


the model was maintained exactly parallel to the, near bank during an off-_ 


center run, by using the correct rudder angle, the model would drift laterally 
aed au toward the near bank. A As it moved closer to the wall, the yawing moment 
bye: Re. became larger and it was necessary to increase the rudder angle to maintain the 
heading of the model parallel to the bank. Eventually the model would ground 
unless the -yawing moment became so large that a sheer developed. There 
fore, the: angular position of the vessel in the channel, especially i in an off-center 
position, is important. Considerable: judgment is required of the pilot is 


a 


ae palestine the forces a acting on the bow and stern by application of rudder and 
: — changes in heading. It should be understood that application of rudder 
ae alone will not always bring the vessel into equilibrium for an off-center position a - 


in 1 a restricted channel but that a pro oper a amount of heading must also be main- 


When the total of all the rudder angles used for a given run were 
Z og arithmetically and plotted against the average distance between th the center line — 

a Fiat of the channel and the center of gravity of the ship during the run, | the resultant ke 


quantitative information on controllability may be obtained from them. 
z i ee. The preceding results are based on only one model and are intended primarily to Be 
3 es indicate some of the general characteristics of the interaction or bank suction 

between ¢ a ship and the channel boundaries. It would undoubtedly be desirable 


the ship, ‘holding the length prima as well as on'a variety of 


types and d designs. Howeéver, a a ‘program this would | be too ex- 


eae _ Force-M. easurement Tests —The purpose of the force-measurement t tests ws was 
supplement the tests | in order to evaluate me various factors 


init, 


= tween the ship and ‘the channel boundaries . The tests were conducted in na 
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———_ |. tained in the first part of the observational tests. ‘Ihe primary value of these Th 
data is that they substantiate the equilibrium rudder angles which were derived 
se ., - in the first part of the test, as an indication of the yawing moment caused by | me 
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Taylor Model Basin facility as the circulating water channel. This 
facility is similar in principle to a wind tunnel . It consists of a test section | sd 


22 ft wide, 9 ft: deep, and 60 ft long, a return channel beneath v which the water — 


Sa a asses from the downstream end of the test section back to the entrance of the — 
k -: test, section, pumps in the downstream vertical leg t to force the water around 
circuit, and related equipment. water depth i in the 
h % varied from 0 to 9 ft. Movable walls may be placed i in the test section to vary 
width of the channel. The water speed in the channel 1 may be varied as 
The basic difference between the tests is 


_ the model can be held stationary while the water flows past, whereas in the ol Fe 
-servational tests the water is stationary and the model is moved. The ad- . 


ied 


vantage of this’ type of facility lies in the fact that readings can be taken 

ly &G - continuously for as | long a period as | is desired, whereas, in the towing basi, 
a 4 7 the length of time available for the observation of a given run is limited by = 
he length of the channel. It ‘should be noted that the force-measurement 
nt % “tests are static tests and involve a different method of analysis than do the — 
observational tests, which are of the dynamic type. In the force-measurement 
er g tests, the model was restrained while the forces that tended to make it move see - 


measured. is recognized that this is an artificial: condition, Ww ith 


The were at various off-center ‘positions in 
“various cross-sectional dimensions and at the equivalent full- scale speeds of pa 
from 4.5 knots to 10 knots. | During the tests the model was attached to ae te 
" dynamometer i in the desired position by three arms which extend downward Bee a 

from the dynamometer. — Two of the arms were 2.5 ft forward and 2.5 ft aft, 3, ae 
"respectively, of the center of gravity of the model. - These two arms measured ae See 
the side force acting on the model and restrained any ‘movement laterally. eS oa 


The third arm, , referred to as the drag arm, was located forward of the other — Sy 
two and measured any fore and aft force acting on the model. w _ The dynamo- fa 


- meter was s designed s so that the model can be attached at any desired transverse — es ee 
- position i in the channel. When it is desired to ¢ give e the model an angle of yaw, ey hn om 
entire turned. Thus, all forces acting on the model are 


+ side forces acting o on it tend to make it sheer a away from the near wall. ae: <a a 


- the observational tests, the rudder angle required t to counteract t the yawing bs 
moment, caused by these forces was determined by trial and error which in- 


ex volved releasing the model at a specified distance from the -eenter line and - 
trying various” rudder r angles until equilibrium was « obtained. It was 
was Pointed out that, ‘in addition t to the rudder angle, it was necessary to given 
tors . alight angle of y yaw away from the near wall to produce a true condition of me 


quilibrium. In the force-measurement tests, equilibrium rudder angles were 
determined by measuring forces on the model at various angles of yaw. _ This = a 


was acc angle a 


complished by v varying the ‘rudder 
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A CAN: 


oth the 3 yawing moment and the side force became zero. The model was self- 
opal and the speed of the propellers was varied until th the drag of the model r 
was equalized. 47 isa graph of the rudder angle e required for equilibrium 


canter of gravity the chip. the thi is near the right bank, it is 


> 


Knots 
56 Knots 


SHIP DATA: 

TYPE - Tanker 

LENGTH- 720.6 Ft 

100 Ft 

ORAFT- 32.13 Ft | 
CHANNEL DATA: 
 DEPTH- 45 Ft 

SIDE SLOPE - Vertical 


\ 
Distance between © of Channel and Gof Ship i in 
Fra. 47. Necessary To Propuce a ConpITION OF 
Various Distances Between THE CentER Line or ResrRicrep 


at 
CHANNEL. AND THE OF GRaviry or A 


ment and side force that. Pe The t reverse , would be true if the ship were 
near the left bank.) The data are for a large tanker i in channels with widths ~ 4 
268 ft, ft, and 770 ft. The side walls of the channel 1 were vertical. 
oe In addition to determining the rudder angle and the s angle of yaw required for a 
equilibrium, Measurements were taken. of the side force and yawing moment 
that developed when the model was held parallel to the wall and at various 
transverse ‘positions: in the circulating water channel. These tests were: con- 
ducted for the purpose of determining the magnitude of the interaction or 
ee bank suction ir in terms of force and moment'as opposed to the preceding ¢ data — 
bite which indicate the magnitude of these effects i in terms of the rudder angle and 
the angle of yaw required to counteract th 1em. _ The yawing ‘moment and the 
side | force were plotted with respect: to the d distance between the center line eof the 


‘ channel and the, center | of gravity of the s ship. Fi ig. 48 is a comparison of the ie 
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Ap ‘il, 


Pa: 


100 it) at various transverse positions in with three different widths 
"(268 ft, 500 ft , and 770 ft) for one , depth (45 ft) and for one > ship speed (4.56 * aa 
knots). The scale ratio was 3. 5. The data in Fig. 48 are based on nae 
propelled tests of model 3859. They are plotted for the condition with the 
to starboard of channel center line. The rudder angle was set at 0° when 
the yawing mo moment and the lateral force were measured. — . The rudder angle re- 
quired to counteract the yawing moment of zero yaw has also been plotted fo. 


comparison. — i During these tests the rudder angle and the angle of yaw were set 
at The rudder angles required to 


counteract: the yawing moment were 


1 2000 POUNDS 


Moment. 
w 266 


measured, following the measurement of side force and yawing | moment. i 


vious tests had indicated that there was a slight ‘difference between the true 
“udder angle for equillibrium and the rudder angle to produce zero moment at Wee 


yaw—thus necessitating separate 1 measurements for the equilibrium 


The ru rudder angle for zero moment at zero 


riginal test program for the investigation of ship in restricted = 
models of two different ships were to be tested under identical con 
ditions during the straight-channel, one-way traffic studies. hy two models 


lected for the tests were a large naval vessel and a large twin-screw, single- 


rudder tanker. In accordance with this program, both models would 


subje ed to both observational ar 
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Bee both the observational and force- -measurement tests, the rudder angle 


ship and the channel boundaries has been determined. Rudder angle 
- believed to be the ‘most practical term for use in the ‘study of the contr olla- 
bility of ships in restricted channels. The magnitude of the required rudder 
Roa angle i is a function of the channel dimensions, the size, ship lines, tudder and 
te tia propeller « characteristics, ship speed, and the position of the ship in the channel. 
et ‘Thus, the rudder required by two different ships for a specified off-center 
‘position will be affected by the steering characteristics of the ships. ‘The 
¥ - study c of rudder angles required for many different ships would be valuable for 
4 purposes of ship > design a and for the _ operation o of ships in restricted channels. 
How ever, for the immediate purpose » of indicating the necessary size and pro- 


portions of a canal channel, it is believed that study of the models of the large 
; naval ul vessel a and of t the large tanker sh should provide sufficient information. 
ag ‘The smaller and easier-handling ships should not present a problem in channels 
ie: _ which are designed t to handle the large ships. _ The naval vessel was originally 
“sy selected for study i in these tests because of its great size, although its steering 
characteristics are excellent. The tanker was selected as being representative 


During the present studies, ‘the models were tested in with a 
siderable variation in width and depth. - The data have been plotted to facili- 
tate a comparison of the effect of width and depth on the ns the 
caused by interaction between the ship and ‘the channel boundaries. 
ae is s thought | that the rudder angles required to counteract these effects prov ide 
a comparison of the actual difficulty the pilot might have in controlling the 
23 aye under the various conditions. In general, it is believed that a condition 
requiring the use of a relatively high rudder angle would be dangerous for the 
ship. - Available data on the relationship of y yawing moment to. rudder angle 
: Change- of-Level Test.— W hin vessel is under way in still water, it is found 
that the water ahead | of the vessel moves forward, outward, and d downward. 
Ata a comparatively short distance aft of the bow the for watd motion ¢ ceases, 
but the water still moves outward and downward to make way for the body of 
- the vessel. Near this point the water starts to flow aft. This negative flow” 
continues to within. a short distance of the stern where'the water closing in and 


upward behind a a forward n motion. Wherever changes i in 


& 


the ship i is ‘confined to ‘a much smaller area than in water of unlimited “a 
and d depth. Thus, in a restricted channel, the reverse flow past the vessel has a 
pat greater velocity for the same » ship 1 speed. ~The net result is a larger change in in 
‘ the elevation of the water surface, with respect to the normal water surface, 

in the vicinity | of the > ship. — Tn the past, considerable study has been devoted 
o the se of ships i in ‘shallo w water and restricted d cham 


ses 


hs Change of Level of Water Surface in feet 
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these conditions. Studies: of ship resistance in shallow water and ‘restricted 


channels are described extensively elsewhere. 1904, Henry 


: N. Babcock® described a series of measurements that was taken on change of 3 ae 


r level of ships that were under way ‘in shallow channels. _ Measurements wero 


_ taken from shore with the use of a surveyor’s level. He reported a change of — 5 % 
level of 4 ft for one of the ships tested. Some additional information on the ilag 
- change of level of model or full-scale ships under way in shallow water or canals 


F< Fig. 49 is a plot of some actual al measurements, during Ret 


tests, taken | on elevation the water surface of model. The lowering 


m 


Surface 


Channel dimensions: 


Sterp 
500 f 
=e 


Length= 720.6 feet 

Beam= 100 feet 

_ Speed = knots 

Model data: 
Model 3859, 
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é ship, with the ee that it may ee in an area a where the iti 
depth i is in excess of the draft of the‘ship. In addition to an increase in the 
oo of level of a ship in restricted waters, as compared to deep water, it 


been found that there is also a considerable i increase = ship resistance in 


In a ‘a restricted channel th the resistance 
‘isalso a function of the channel width 


As a part of the Taylor Model ‘Basin investigation o! of ship performance i in Be Na ‘ 
estricted channels, the change of level of model 3769 was measured for a range 


“Tidal Their Et Effect on Navigation,” by J. A. Conwell, Eng. Div., The 


~ *“Tests on the Wall Interference and Depth Effect in the Royal Aeronautical Seaplane 
_ tank and Scale Effect Tests on Hulls of Three Sizes,” m4 L. P. Coombes, W. G. A. Perring, V. W. Battle, wee 
and L. Johnston, Technical Report, Aeronautical Research Committee, Vol. 2, 


Effect of Size of Towing Tank on Model Resistance,” by John P. Comstock 
; ions, Soc. of Naval Architects and Marine ——s Vol. 50, 1942, “a 149-197. 
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sectional dimensions previously given. It v was to a speed 
vie Be equivalent to 15 knots in some instances due to excessive change of level which 3 
ee caused the model to touch the bottom of the channel. In these tests the model — 
ee _ was attached to the towing carriage by ‘connections that permitted a small ri 
nount of fore and aft movement and also allowed the model to trim freely. 
ndicators, which were mounted on the carriage, attached to the model 
near the bow and stern by | a cable arrangement so that vertical movements of — 
“the bow and stern could be read on large dials. The carriage was accelerated ‘ 
fae. to the desired test speed and at the same time the propeller revolution was in- 
creased until the model was Readings were then taken of 
stern with respect to the 


| 


From it was noted 
‘tha t the bow stern | 
change approxi 

ly the s same rate up 
to the critical speed, where 
bow curve reverses | 
"direction, and ‘the slope 
stern _eurve becomes 
quite large. The critical 
speed of a vessel in a re- : 
stricted channel is roughly 
_| | whic relative velocity 
500 foot wih between the ship and the 
reverse flow past the beam 
of the is equal to the 
speed at which the relative 
velocity between the ship 
the: reverse flow past 
the beam of the ship i is equal 


feet 


Draft= 32: feet to! the speed of the wave of 
Model dato: translation for that particu 
Model 3769, 


 Self-propelied | lar r depth of water. Near 


critical speed, the water- | 


Speed in knots surface level around the ship 


Fie or CHANNEL WIDTH ON THE or anges quite rapidly with 
‘Rusrarcrmp CHANNEL any slight change in relative” 
not tested at speeds above the critical because of possible damage to the model “4 
‘ak because » there i is little possibiltiy of operating t the full- “scale ship u under these 

- conditions, even at the greater depths where there is no danger of grounding. 
Fora a specified c +hannel, the ange of of the ship ries approximately a 
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wal PANAMA CANAL 
th e data have. been plotted to illustrate the variation in n change 
ich of level with ‘variations in the width and depth of the channel. A (The curves ier ae 
del shown are for the ‘stern only. bow curves : are similar A large change 
all of level would probably be indicative of excess bank wash and un unstable handling 
ia] “it The effect of the transverse position of the ship i in the channel on its change 
sof of level investigated. Measurements taken for various ~ 
sak: center positions of the model for channel widths equivalent to 300 ft and 500 ft. x 
ink and for channel depths: equivalent to 45 ft, 60 ft, and 80 ft. x The differences _ e 
of recorded | for these tests were not of sufficient magnitude to present and would 

and ‘not be determining factors in the selection of channel dimensions. All A 
th determine the e: effect of the propellers on the change of level of the 


cag model without propellers was towed on several occasions and the results 
a compared with those obtained from the self-propelled tests. In the towed be a 
ted i ‘ests the shape of the curves was quite similar to that in the self-propelled tests. ipe.s a 
The bow and stern curves had the same relationship as in the self-propelled 


‘ests, and the critical speed was approximately the same. However, for most 


up BB ofthe speed ran range up to the critical, the towed tests indicated from 8% to 15% oa Bae 
Discussion of Change-of-Level Tests. —The change of level of a ship under 
e of in restricted waters is of i import in the present investigation because 


a (a) at relatively high ship speeds, the ship may ground due to excessive change nat ey 
tical of level; (6) a large change of level is of the formation of waves 


ia] 
level at all wacky up ) to the ‘critical. For a a . specified channel, the change of = 
level of a ship increases s approximately as the square of the speed for sub- eee 
critical speeds. _ The exact , relationship between the change of level of the 
- ship and the ship speed is apparently dependent on the cross-sectional area 
of the channel. At speeeds above the critical, an increase in n ship ‘speed may 


- result in a reduction in the change of level of the »ship. — During the present i in- 


eon, the —_ of ship speeds used i in the tests ‘did not exceed the critical 


city “way y in a restricted channel is a function of the dimensions and lines of the a 


= ley oF ‘Two-Way T RAFFIC 


The y purpose of the two-way traffic studies was to obtain information that at er 
Would be of assistance in the selection of the cross-sectional dimensions of a ec : 
channel ¢ adequate for the meeting of two ships of specified types. As part a 
this study it was desired to obtain information on the interaction between ee 


‘wo ships and between the ‘ships and the channel boundaries. the 


two- ay traffic studies be based primarily on the meeting ofa large naval vessel ee 2 4 
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PANAMA CANAL 


ands a Liberty ship. Ttwa was requested that the tests for: (al ) 


: = water and currents of 3) knots : and 5 knots, (2) ship speeds up to 10 knots tho 
with respect to the water, and (3) various widths and depths o of channel. oe i om 
When two ships are meeting each other i ina a restricted channel, each ship ee 
_ interferes with the lines ‘of flow about the other vessel with the result that asym- ft f 


‘metrical pressures develop on the two sides of each vessel, tending to divert 
the e ship from its ‘original path. - Throughout the maneuver, the turning mo- : 
2 ment caused by these pressures changes direction several times. 2 For example, 
as two vessels approach each other, the pilots maneuver them out of the cen. 4 
~ ter of the channel. _ When the bows of the two vessels are almost directly 


opposite each other there i is a tendency fo for the water surface » to build up b be- 
tween the bows. forcing them apart, or causing the vessels to yaw away from 4 
each other. / As the he vessels draw abreast 0 of each other, the bow of each vessel 
tends to move toward the low water surface in the vicinity of the stern of the # 
other, with the result that they yaw toward each other. When the sterns - 
2 are almost directly opposite each other, there i is a tendency for the sternsto HB 
} a move toward each other, thus reversing the direction of yaw. Superimposed 
on these effects (which result from interaction between the two vessels) i is the 
effect caused by interaction between each vessel and the channel boundaries. 


— 


ig 
bs fa general, this latter effect te tends to cause the vessel to yaw away from the ‘ SB gh 
bank. ‘Thus, | the “maneuvering of the vessels is affected not only by the 
size, ‘speed, 2 and paths of f the 1e vessels bu: but also by the ‘cross- sectional d dimensions ' 2 
At the conclusion of of most of the straight-channel, one-way traffic ‘studies, 
certain general criteria were established by The Panama Canal. ‘The decision g » 


be oa ye further studies of width as related to two-way traffic and bend studies. Draw 
ing: upon the experience of well-qualified Panama Canal pilots and Cape Cod 
Canal pilots, it was decided to establish, tentatively, a reasonable average 


: rudder angle for the e maneuvering ¢ of a vessel off center in a restricted channel. 
- This average rudder angle would then be used | to determine a safe width 0 of 


: canal. Because the vessels v vary rin size, form characteristics, and rudder p power, 
addition to the fact: that every will maneuver ‘differently, it 


Bs eet was made to establish 60 ft, tentatively, as a reasonable depth to be used in i a 


For example, i in selecting a a width of channel, the could 
be used: : Fig. 51 shows two cross sections ofe a . channel as determined from model ace 


‘Liberty ship and (b) the large tanker r and Liberty ship. The dotted outlines 

Bae ‘represent the: average e ship lane of the vessels, as determined from observational val 
studies previously mentioned. The width 1s of the ship lane are approximately 
170% of the beam of the vessel for a channel 500 ft wide and 60 ft deep, ata 
ship speed of 10 knots. a4 ‘The distances of the ships from the p prism lines were 
computed from Figs. 44 to 47 for a rudder angle of 5°, and for a ship speed of 
from 9 knots to 10 knots. The distance between the vessels was selected 88 


beam of the larger vessel. This fact was later confirmed | with model 
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‘thought desirable to select Fig. 46 ar based of rudder 
was for ‘the 9- ‘knot ‘ship speed with a current of 5 knots. 


Liberty | Large re 
Naval Vessel 
a 


595 feet - 
Note: Ship lane is 170% times beam of ship 


ae yy (a) PASSING CONDITIONS FOR LARGE NAVAL 


70 fee feet 


59.64" | 


100° Beam 


4% S 


a’ Ship lane is s 170% “times beam of ship. 


PASSING CONDITIONS FOR LARGE 
"TANKER AND LIBERTY SHIP 


- 51. —Pnorosep FOR Two-War TRAFFIC 


er wis 1 the Liberty. ship, thus presenting one method of analyzing th 
‘ate, Other selected rudder angles and channel depths will give widths 


“accordance with the selected values. It should be emphasized that ‘such as- 


sumptions will only vary ‘the distance ‘between the ship and the near bank. 


The widths of the ship lanes and the distance between vessels offer reasonable _ 


values for. this specific | problem. Other combinations of vessels would 


these values, The data in Fig. 51 do not constitute a design intended for the 


Panama Canal. Other considerations may necessary in the selection of 


proper width a snd depth. .° The sixth p paper in this Symposium will develop t 
hase of the problem as applied to the Panama Canal. 


nots 
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‘mod! om es were then conducted with the Liberty ship meeting 
ssel in a restricted ch nelarge 
_ annel with still water and with ahead and following § 
if 


see an endless cable in one direction while the other model was tiknhiniaied by. 


remote control i in the opposite direction. Observations of the handling char- at 
aks acteristics and the effect of interaction between the: two vessels were limited io 
‘tothe maneuvered model. 

_ With the exception of a limited number of tests : ata deeded width of 700. Pa 

— ft, all two-way traffic studies were conducted in a channel with a bottom width J 

* equivalent to 500 ft and a depth equivalent to 60 ft. It was intended to con. ™ 


duct further tests with a width equivalent to 600 ft but these were deferred to  ™ 
pursue urgent bend studies. ‘The major part ¢ of the studies was conducted with 
ships traveling at the same ne speed | with 1 respect to the water. 
All conclusions based on visual observations of the by the 
Panama Canal pilots (who operated the models) and by the Taylor 
- Basin staff. During these tests it was attempted to simulate full-scale condi-_ Fe 


as ‘closely as possible. However, it was not possible to satisfy all con- 
ditions. The walls of the model channel were smooth as compared Ww ith th 
wi 
= ship, because of the time relationship between the model and the ull Bic 


Seale ship. However, the pilots who observed and ‘participated i in the tests 
_ believed that full-scale conditions. were simulated very | well and that, where 


did exist, the model was more difficult to control than the full-scale 


Pal 


erious 1s dificulty i in handling, i in a channel 500 ft wide and 60 ft deep, at the # 


 b. The current speed did not appear to affect the nilinieid of the inter- 

action: between the two vessels, for the same ship speeds with respect to the 

- However, it would probably have an effect on the handling character ] d 
| 


f 


. istics of the vessels in the ance of bends or — ——* in the walls 


transverse position of the had very. little effect on the. 


"maneuvering of the Liberty ship ¢ as long. as ‘the c clear ‘distance between the two 
vessels while passing was at least 100 ft. For more gener ral conditions it was 


— 


f 

ic: 

a 


_ tive difficulty encountered in maneuvering a specified ship around 
designed bends at a 1: 86 scale ratio. It was: 8 also desired to investigate the 


| 
— is 
Dire 
.. 
— 
> 


‘actel- 


at a 1:45 scale ratio to aly the maneuvering "characteristics of “various 
Bes Is and scale effects. Models 3769, 4018, and 3748-4 were used for the ce 
4:45 scale-ratio studies and model ; 3992 was used for the 1:86 6 scale-ra -ratio tests. 
The characteristics of the models are given in Fig. 41. 


For the 1: :86 scale-ratio tests, model 3992 quite a large naval vessel 


ture for ‘each test. 


of straight was cm = 


permit accelerating the model 
before it reached the bend. ic 

model was attached == 

towing carriage while it 


was being accelerated, after 
which | it was released 


the carriage and 1 maneuvered 
| around the bend by remote > porn 
Canal pilots issued the helm 


features 1 were similar to those used i in the two-way traffic studies and to cae 


were conducted on four types” of bends at a 1:86 ‘ratio, 


Wisconsin La Pits ‘id and. the transit: of a model of a large ‘aval 


The tests were conducted at of 5 knots, 7. 
“through the both ahead and following currents of 0 knot, 3 knots 


knc ere: was planned to in- 


pers 
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ondi- 
where 
-scale 
— 
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— 
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— 
poln at is — 
riously 


 & align ap the sittnnen and 1 exit of ‘the | bend with a width of 600 ft and a depth 25 is 
60 ft. However, at the conclusion of the first 40° bend test, available The 
the « 
same 
the 
runs 
Som 


The bend shown 1s copied trom tne 


Annual Survey Chart, July 1, 1945, pub- 
lished by The Ponama Conal, Deport - q chan 


ment_of Operation and Mointenonce, Oredg- 
Gamboo, 


— 


Ponoma’ Conal pilots. endeavored to 
‘steer the self-propelled, remote cotrolied 


model on the most desirable course 
3768 (run H4-11) | Sp roon 

At first it was felt desirable to attempt to. maneuver the vessel both at the ™ 


po of f ship speeds and currents—in § an attempt t to 0 indicate the desirability : £ 
gi meeting and passing a Liberty ship at and a large vessel in the curved section. @: 


oe a substantial number of such tests were conducted for all the bend — to k 

ees 4 ‘designs, the results indicated that such a maneuver might be dangerous if one 4 task 
tang 


_ vessel l were large; but little difficulty was foreseen for ' Liberty ships meeting and ;, 
in the bend. Therefore, the condition of a large vessel meeting and 
ie passing another veal in the bend was eliminated as one of the requirements : sill 


ee, for the bend design at the ‘present time. Further study may very well give B rude 
asolution to this problem. 
The comparisons of the 1: :86 6 seale-ratio bends were t then made for center With 
line transits only. Table 25 is a summary of the average maximum deviation [i vess 


center line of the channel for the various bends tested. “Deviation” the 


be defined as the maximum | departure of the forward or after ‘perpen-— han 
del from the intended path of the center of gravity of the vessel. | Width = bow 
of path is the sum of the maximum port a: and starboard deviations | plus the 4 “shee 
beam of the vessel for a run. ) to Table 25, Panama 
“ih 

ba 

Model 


6° parallel bend a= and model 3992 was 
All measured data were taken from 


— 
baal 
4 
From thal 
Model 3769 was tested in a 2 the 
tested in the other four bends 
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 sreak photographs of the ship’s 8 path. The average width of ‘path in Table 


95 is based on the total ‘number of runs made under the same test conditions. — Uy 


The average maximum deviation of the ship’s path to port or to starboard of i 
the channel center Tine i is based on the total number of runs made under the 
same test conditions. Included in Table 25 are the average widths of path for - 
the s same conditions. _ The width of path included the beam of the vessel. All 

runs that were considered as satisfactory test runs were included in the » average. 

Some runs were excluded f from the analysis because of failure of the test equip- 

ment. ‘The: average values of rudder angles or average maximum rudder angles — 
were not used as criteria because of the variations in the techniques used by Be c 

the pilots i in handling the vessel. _ Some pilots ‘ tended to use rather large 
mdder angles for short periods whereas others tended to use relatively small 
angles for longer periods of time. Also, various pilots favored one side of 
‘channel more than the other, which will give an even larger variation i in rudder © 
The first reaction of an is that a widened bend would provide 

room 1 for maneuvering than would a uniform width of channel in the bend. 
Actually, the widened bend studies indicated that maneuvering was _more- 
dificult, the actions of the vessel were more erratic, and the widths of path | 

were generally greater, as indicated in Table 25. it is considered that this 
result is principally due to the continual variations in the forces 1 resulting gfrom 

bank interaction as a vessel transits through a gradually wid idening section. “Se 

In the normal transiting of a . vessel down a straight channel, it is very difficult 

to keep it positioned exactly. on the center line. ye In transiting a bend, this 

task is even more difficult, especially with a large vessel, t because it forms a 
tangent or secant to the curvature of the bend. A In either of the latter tw 

cases the’ vessel will be positioned slightly off center and some rudder angle 

‘will be required to prevent | a sheering action from developing. Some force 
rudder action is usually required to turn the vessel around the bend, although =” 
‘ingome cases the bank interaction is such as to turn the vessel around the bend Ae 
without the 1 use of rudder r action. ‘i However, if the interaction i is too | great, the “ie 2 
Vessel may swing too fast and develop a sheer in the same direction causing _ a 
“the vessel to strike the i inner bank. — For example, if a vessel enters a right- 
hand bend | slightly off center to the left, the bank interaction is such that the eo “ 
bow w will tend to swing around the bend; should the vessel swing to too far, a ee 
“sheer would develop that would 1 require the left rudder to keep the vessel under ceri . 
control. — However, if the vessel enters the right-hand bend off center to the es Cae ee 
Tight, a larger ri right 1 rudder would be required to keep the vessel under control “4 a3 
and also to turn it around the bend. © Ina , parallel bend the forces created by. 
bank t interaction have nearly the same values as similar forces i in a a straight 
channel, Therefore, the pilot can judge the required rudder angle for equi- 
Sbrium more readily than in a widened bend where the values of the forces — ie 1 
ae changed or are continually changing during the transit. _ Because t the vessel Be aa i 

Sswinging slightly ¢ as it traverses the bend and is not “headed” ona a straight as 


course, this maneuver can best be made 9 constant attentio to the ‘swing Ms 
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Description 


Vetoctry oF In RELATION TO CURRENT; V; = = 5 ‘Kyors 


Widened 
Parallel; widened 


26° | 

26° aralle 


40° Widened _ 
26° Parallel; 

26° | Parallel — 
26° Parallel 


40° | Widened 86 
26° | Parallel; widened 86 
13° | Double aT 86 
26° Parallel his | 86 


TABLE 


(Ft) 


192 
290 | 126 
277 «106 


A 


Papers 


25. —Comparis 


Maximum 
Average 
— 
) 


Port. 
(10) 


763 
639 
295 
238 
245 


439 
160 
BS 


401 
402 
290 
342 
231 


~ > A minus sign in this ¢ 


. : tion, the scale ratios were so small that ‘slight rrenseb difficult to detect 
from the carriage platform i in time to make the proper corrections. oe ie 
considering the foregoing factors for the analysis of the 1: 86 scale-ratio 


various bends For this ‘comparison only o one ship model was used. 


No appreciable differences were encountered i in the 1:86 scale, 26° parallel ben 
for still- water or moving-water conditions. 


variations in time of transit through a bend. No appreciable differences were 


e noted i in the model’s action for the still- -water and moving-water studies, pro 
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q @ Average width vide 
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HIP 


: "Deviation 


118 


(6) VeLocrry or in Rexation To Current; V, = 7.5 Knots 

649 | 337 | 204 342 | 94 

430 | 185 | 

406 | 175 123 

‘| 237 | 92 | 52 190 | 100 


| 568 | 244 | 2 | | so 133 


231] | 38 | 4 | 177 | 80 | | 


ws that the center line of the ship was always to the port of the channel center line. oa eg ee 8, 


vided that the speed of of the vessel with ri mes to | the water remained constant. = 
There were, of course, e, differences in time of transit. _ Appreciably. fewer total oe 


mdder orders were required in transiting a bend with a 1 following current than = 


vith an “ahead” current. a 


time we were e approximately equal for all conditions of testing in either still water 
or r moving water, ‘provided that the speed of the ship with respect to the water 
remained constant. ~ Actually” the vessel remains in the bend for a shorter 
period of time for the following current condition than for the ahead current 
endition. This fact usually gives the pilot the i impression, from observations — 
of the speed of the vessel over the ground rather than from observations of its : 
‘eed through the water, that less time is available for adjusting his 
‘during the transit of the ‘bend—which evidently creates somewhat of a a mental 
hagard for the pilots navigating through a bend in a following current ar Ex- 


btience proves that this condition is no more difficult of still: 


At the conclusion of the 1:86 senlc-wadte tests, i 
two more bend studies at the larger scale ratio of 1: 45: if 


o=3 | Ansan Current; Ve=5 | Current; Ve = 3 CuRRENT; Ve=5 
yerage | Average | 
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. The 26° bend, shown in 
model of the La Pi 


To determine n with the 1: 8 


els of other shipe—aamely, the Liberty ship 


¢ 
from the center line for the various test 
i ions are tabulated with the 1:86 scale- ratio tests in Table .- SS Similar 


records were taken, by photographic : methods, “of all record runs. The results — 
of this study indicate that some scale effect was present in the 1:86 scale-ratio 
studies, However, the actions of the vessel were quite similar. ‘The scale 


- effect was ; chiefly present i in the additional time permitted the pilot for § giving Ss 
orders. Except for the poor handling quality of the large tanker, deter- 


mined i in the straight-channel studies, no difficulty was experienced i in n transit: t 


ing the 1:45 scale-ratio parallel bend with ; any of the models under a any - of the 


_ conditions as long as the transits were made on the | center line. _ The Liberty | 


on The model of the La Pita bend was tested at a 1:45 scale ratio in a ata eS 


‘sit, : as shown in n Fig. .53. The maid transit of the bend ¢ compares very eran 
ably with the full-scale transit. However, studies of the Suez and Cape Cod 


In the case of the Suez Canal, a parallel bend had been widened to provide — . 


room for larger vessels . Ships which previously had had no 0 difficulty began 
to experience some erratic action. — - ‘Therefore, the e bend 1 was further widened in 
The model studies have been limited to a small number of ships and bend — 


designs. The | comparison of widths of path for the 1:86 ‘scale-ratio studies 


€ aracteristics of the model for all conditions. This comparison was further 
substantiated by visual observations of the test runs, the number and mag- — 


‘nitude of rudder orders, and the greater uniformity ‘of results from pilot to pilot. 
The 1:45 scale-ratio studies. of the 26° parallel bend showed improvement in 


the operation characteristics of the model over the 1:86 scale-ratio tests. “This 
ae improvement could be attributed only to scale effect. ie The width of path in th 


“bend compared favorably with of path for the e straight channel 


The 26° - parallel aad was | determined tc to be the most ; desirable bend of — 
- those studied and the test showed that currents did not produce any y hazardous — 


uld be navigated as readily in mov 
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of the many ships that will transit any channel i is so great that only representa-_— 


tive types from different general gro groupings could be used for the experiments. — 


3 lected because | of () ‘their lar ge size, (2) ‘their poor handling characteristics i in 

vestricted waters, or (3) their being representa 
present ships transiting the canal. = it is felt that tl the models of the irl A 
studied “bracket” these | conditions and that the results obtained | provide a pS a 
for the cl channel dimensions. Before a final Selection a. the . 


serted into a a laboratory "investigation, ‘to be studied and considered. Ships 


f the same , class may not have similar steering qualities. The efficiency of ce 
operation of a vessel is measured to some extent by the age and the number of 
— days the ‘ship has been under way since overhaul. © Seldom do two captains 


pilots come ‘to agreement op methods to use in maneu- 


offset 

“qitificial aids to navigation as range markers, buoys, and beacon lights, 

ut there are always special conditions through which a ship must be n navigated. Se 

iy paper has presented the information that is available from tests con- saga 
ducted at the David T ‘aylor Model Basin. A study of the maneuverability 

controllability of specified ships i in specified restricted waters is a 
fold 1 problem. yi The results of the experiments and analysis thus far made give — 


een established that may serve a useful purpose in determining (a) the a 

t which vessels may operate in restricted waters, (b) the practical depth — 

ce. idth of a restricted channel, and (c) the actions that produce extraneous mo- 
, Mente on the vessels. — _ Generally the forces and moments acting on the various jie — 
hip models were explained and the rudder ‘angle required for controllability 


if 
balancing of those moments was used as a measure of the moment. 


advice , cooperation, and FD. ‘Bradley and 

6. R. Olson conducted the maneuvering studies; B. Rosenberg, the change- 

inelevel tests; and F. W. Puryear, the force-measurement studies. 
Garthune, assisted by Miss V. R. Gilchrist and C. Larson, compiled aa 


most of the data. Ww. Brownell, Jr., Jun. ASCE, D. -Cafiero, and = 

W.V. Coyle guided the construction and design of the taodel setup. The 

Panama Canal pilots who aided with, and gave and valuable er criticism 
of, the: tests deserve special acknowledgment. 
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ods of it dass s analysis are presented i in this p paper for use i in deter- 


- mining the | minimum cross section of the channel and the alinement and treat ie 
a of curves in a sea-level canal at Panama, to provide safe and efficient trai 
git of all vessels to the : year 2000. ‘The. channel | design i is based on the operation 
of the canal as an open waterway with a a maximum current of 4.5 knots. | The 
design methods described i in this paper utilize the marine operating experience 


a existing waterways and the results of ship model “tests conducted a at ‘the 


measured at a , depth of 40 ft, pa 60 ft deep i is proposed. 


‘The existing F anama Canal al has provided ¢ commercia nd military shipping 


with a safe and efficient means of transiting the e American Isthmus, since its 
opening in 1914. Almost 200,000 ships have passed through the canal and the ~ 

_ total a accident cost has been only $1,310 ,000—equivalent to $7.76 per transit. ¢ 
ae modification of the existing canal, or any new canal to provide the neces-_ 
- sary national security, must also provide commerce with a waterway a at least as i 
safe and efficient as the existing canal. Ina a sea-level canal, the adequacy of the be 
channel cross section and alinement are the primary considerations i in \ accom 

i ed This paper describes the ‘methods of designing and selecting the sea- level 
anal channel. The channel of the sea-level canal referred to herein is the 
estricted part 0 of the waterway as distinet from open. reaches of harbors where | es 
the topography does not limit the width of the channel. — - Although this | paper 
discusses primarily | the sea-level canal, there is no essential difference in beet 


method used 1 in the design of either -a sea-level 0 or a lock canal channel — 


“weighed and compensated fori in the d design. UA comparison of the final iil 
ie of the lock canal channel and the sea-level canal channel i is included. i ah cS 


importance of avoiding the construction of a channel larger “than 

necessary is obvious when ‘it is considered that the excavation for the | sea- level - 

canal would total more than 1,000,000,000 cu yd. iY On the other hand, prudent C 

- planning is is required : to meet all reasonable demands of navigation in the future = 
to avoid | expensive corrective work, 


Aare 4 Chf. of Div., Special Eng. Div., The Panama Canal, Diablo Heights, Canal Zone. 4 
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Navication OF ExistiNe AND Sza- LEvEL 


‘The channels of the existing canal are of three ee types: Those | through the 


‘lake where the width and depth are unrestrictive to vessels; those through ad a 
~ harbor or approach areas where both width and depth are restricted, but where hia i 
- channel banks are well below water level and interaction between ship and eee Ps 
ry is insignificant; and those where both depth and width are fully restricted — : Cea 
by the channel bottom and side banks. — In the existing canal, the 8-mile a 
reach \ north of 1 Pedro Miguel Locks known : as ‘Gaillard Cut and a few miles of oe 

lock approach channels make up the full extent of restricted channel section. pag 

In this restricted section about 70% of all bank-striking and grounding acci- | 


dents of. the existing ‘canal occur. | minimum section of the restricted 
has bottom wih of 300 ‘ft and a minimum depth | of about 


We 


= — 


_MINIMUM WIDTH, 600 FEET, MEASURED AT DEPTH OF 


so } 


“sie to the inner Balboa Harbor, Pacific side. 
| The existing canal is free of currents except for periodic tidal curr srl te 
f. g canal is free of currents excep periodic curre a 

ing up to a maximum of 1.5 knots in the sea approach channels. ~ Currents in 
the sea- v-level canal would be limited by tidal regulation for ‘the ‘safety and con- — 
venience of shipping in the ordinary use of the canal to a maximum velocity, gis 
_entatively established at : 2 knots. If the tidal structures were damaged or 53 
‘wrecked by enemy action, the ‘maximum current that would occur for “short — 
periods at , extreme ‘Tanges | of tide would be 4.5 knots. _ The importance o of ship- 
ping in wartime requires ‘that the channel be designed to provide safe and * 
efficient transit when operating: as an open waterway in which currents u 

a A survey of restricted waterways and canals in which  currente are.e experi- 
enced discloses that currents do ‘not problem « of 
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handling if (a) the ship is adequately powered and ruddered so that it can 
maintain sufficient for good and (2) the channel sec. 


_ However, ‘mechanical failures and personal errors, even if they occur 
eso are essential considerations in analyzing the safety of navigation. The 
loss of | control in a following current | would probably result in accidents of 

reater severity. and frequency, because of the shorter time available for re 


ae control and the ‘greater speed of | the ship | on ‘striking the bank. | " To 


scheduling transit in the e: existing they do not have a 
the channel dimensions, alinement, or r treatment of curves, 


“the night in the rainy s season. _ Operations i in the existing canal are scheduled 

so that ships do not enter. the cut during fog periods. Although no exact 
- estimate is practicable of the probable extent, frequency, and duration of fogs. 
in a sea-level canal, some increase in each may | be expected. — However, no 


operation in in fogs i is planned for either an improved lock or dleel canal at : 
Panama because the daytime capacity would be sufficient to meet all con- 
demands of traffic to the year 2000. Electronic navigation n aids 


been perfected 1 which n make navigation in fog feasible, a and these se will be be —, 
ble for use in the Panama sea-level canal if and when required. aa a 
Where strong winds are present, vessels having large superstructures, or 

vessels, may have difficulties navigating at low speeds i in re 

channels. This situation holds at present for large aircraft carriers 
at the lock approaches and at the curves in Gaillard Cut of ‘the Panama Canal. i 


The difficulties are primarily ‘attributable to the fact that the carrier ‘must 


os necessarily approach the lock or curve at a low speed. The effect of wind is 5 


~ less important in a sea-level canal as it would not be. necessary for ships ps to 
transit: curves at low speeds and lockages © would be eliminated or reduced 


OPERATING CRITERIA FOR THE SeA-LEVEL 


ak 


The regulations under which the canal would be an 
important part of the criteria for channel design. The essential criteria 
those having to do with pilots, the passing 0 of 


and interval between ships. 


an _be feasible i ina sea-level pry This method of ‘operation is used i in the 


‘through Gaillard d Cut, and shipping has not been unduly delayed.’ 
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level canal, by contrast, would have 30 ie: of restricte “chaninel 
eS - Since the average time of transit through the sea-level canal would be 4.5 hours a 
as compared to 8 hours in the present canal, it would be possible to operate the 
new canal by limiting traffic to one disection and c causing some additional wait- 
- ing without loss of efficiency over present canal operation. © _ However, it would 
be highly desirable to retain the benefit of the shortened transit time in the - 
bh waterway, a and the i imposition of the restriction of one-direction t traffic on 
the efficient use of the canal in wartime is clearly inadvisable. — Therefore the 2" 


- Whether ships approaching these dimensions will become a reality and w ; 

equire transit through the canal is quite uncertain. In any case such 
- tionally” large ships will be few in number, so that the channel needs to be fs 

only for the single-direction passage of these ships. 

“Any future Panama Canal must accommodate the largest ships of the ey 

Na avy now afloat without restriction or delay, particularly in times of emer- 

gency. . The transit of large naval vessels would not be required i in both direc- 
- tions at the same time, and the canal would not be required to accommodate 


Likewise, the of the largest. of the existing ‘commercial vessels, such as 
. “the Queen M ary, and large naval vessels n need not be considered. The incidence — me 


a their meeting would be infrequent and resultant delays to avoid such meetings — ; 


e An n index t to the size 0 of ships that would transit the canal withs such frequency — 


Af 


to make special transiting arrangements inadvisable has been developed by 
_ frequency studies of transits of various size ships based on Panama Canal = 
records, Table 26 is predicted ed traffic in year 2000 and 
26.— —THEoRETICAL FREQUENCY OF or Sai 


LS OF PANAMA 
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he 


“wsumption that the canal will b be operating 16 hours daily. _ It shows that seas: 


ships more than 500 ft long would eet about. once a day. would be 


: “pra ical to ) design a canal for the meeting and the passing of two such ships, a as “aes 
- the passing could be avoided with little, if any, , delay by proper scheduling of Beg 


transits. - Vessels longer than 500 ft would — vessels from 400 ft to 500 oe . 
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long about ten times daily. 


es ening: would cause individual delays of as pence as 6 hours to 


for using this criterion, “ ships” typical of 
length group were selected. For the ‘group, ft and al large 
loaded ore ship and a large naval vessel were selected. loaded Liberty ship 
. _ was selected to represent an average ship in the 400-ft to 500-ft class. ys There- i 
fore, the channel of the sea-level canal is designed to permit a large loaded ore Me 
ce 3 ship or a large naval vessel to pass a loaded Liberty ship with safety and ease. 


The controlling dimensions of these ships are shown in ‘Table le 27. 1 The passing 


oh he positions ofa large naval v vessel and a Liberty ship in the | ‘proposed sea-level * 

T E 2 D 


Shaft. H Controlla- 


bilityin 
power 


. 


note in the 800-ft 15 in the 1 ,000-ft 
_ the case of the Ic lock approaches or the channel through Balboa inner harbor 


where speeds are further reduced. Overtaking and | passing is permitted only 
_ when one of the vessels is small or in the channels of Gatun Lake which are 


; ie For the sea-level canal, a limiting speed of 10 ‘kote: was adopted for daily 
- operation with the canal handling two-direction traffic. . -. Naval task forces and 


convoys would be , permitted ; a higher speed when not meeting « opposing traffic. > 
The minimum interval between ships would be about 1.5 } miles, which is much i 


greater than i is normally required i in canals. However, even at this interval, 


re eS the capacity of the canal, with 16-hour daily operation, would be greatly in 
excess of the predicted ne traffic of year 2000, so be no 


hannel, 


and (e) ship interval. " it was assumed that: 


(a) ‘All ships will carry a canal pilot. 


=> 


mercial vessels u up , to the size of a large loaded ore ship, will be moots to me f. 


meet and commercial vessels to th of a loaded 1 Liberty ship. 4 
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ion 


a (e) ~The average distance between ships will be 1.5 


(1) ‘One method is to provide a cross-sectional area of channel equal to 


- certain multiple of the immersed hull area of the largest ship expected to transit. 


and, the basis of operating records channel widths 
depths for the proposed waterway. This method has also been used in s 


@) The third method employs empirical formulas developed from 


experience or from studies of the maneuvering characteristics of ships. Fak 


An analysis of navigation in various major world waterways showed that es 
“many. factors not taken into : account by these methods had an effect on channel - ae 
“requirements. 2. or this reason, none of the. foregoing m methods was considered - 
satisfactory for the design of a new canal at Panama. 


Investigations for Present Studies.— -The “magnitude and importance of 


‘of the (those ‘the greatest to a sea-level 
canal at Panama being the present Panama Canal, the Suez Canal, the Cape a 
Canal, and the Houston (Tex.) Ship Channel); 

Consuldations with the pilots and operating personnel. of the Suez Canal, 

4 “the Cape ( Cod Canal, and the Houston Ship Channel on navigation in their | 

Tespective canals and on the channel requirements for a sea-level canal 
‘Panama, information also” being obtained from ship operators regarding the + 
‘tlequacy an and limitations of the major world w waterways being studied ; Ra 3% 


 & Operation of ship models i in restricted channels of different sizes under et 
various | conditions of current, by the Navy at the David Taylor Model Basin; ol 


__ f. Construction and operation of a model of a Panama sea-level canal at’ bays 


Secale of 1: 100, to determine the magnitude of uncontrolled tidal currents and 


war 
ship that may be constructed to the vear 200 of the largest 
passing speed, an average 
= 
— 
P, plus an allowance ior deposition oO 
channel is determined from_the sit between dredgings. 
la- 
— 
— 
only | i . all aspects Of chan-— 
y “not previously considered. An outli 
jsily Weterways; | 1 past practices in the design of restricte , 
iew of records of ship handling i 
affic. vilote cthern ship handling in the Panama C 
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range of established if tidal regulation were 


from the on features of the 
Particularly those affecting the requirements for ships operated by the Naw 


‘The ‘results of these examinations and inquiries are not in ‘this, 
paper except w where they have : an important ene on ‘specific problems of 


- section i is of } prime importance to good navigation, and that, within se | 
limits, the ‘required width of channel is a function of the depth. Consequently, 


the depth of channel is established prior to the determination of the channel | 


The channel depth sei bas sufficient to allow transiting of the largest naval — 

commercial vessels to be to the ‘year 2000 under 


expected to the y year 2000. As ships p pass s through the locks at‘ very slow : speeds, _ 


is necessary that the channel have a minimum | depth greater than 50 ft. a 


4 


The depth of the channel at : any location along the canal i is ; measured below 


Draft Depth ‘Draft Depth 
(ft) Draft (ft) Draft 


yject depth i is 32 ft, but scour has increased this depth to an eahisiinle average - 40 


“between the channel depth and the draft of transiting vessels. depth of the 
"channels of f three n major waterways s and the draft a and the transit speeds of the 
largest ships normally using the waterways are given in Table 28. The draft . 
_ shown for the “Largest Vessels Using Canal’’ is either that of the ‘deepest dralt 
vessel to transit the waterway or that of the 1 maximum | draft vessel that ad 


canal authorities will permit to transit. a 


EV 
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which in the year 2000 would probably include vessels having | drafts 


about 40 ft. Consequently, a channel depth | of approximately 60 ft is indi- 
“cated. Study of the behavior of ships having ; a lesser ratio of depth to draft 7 ae : 
in ‘existing waterways indicates that vessels of maximum size for the year 2000, | 
= draft possibly approaching 50 ft, could _—, transit | a channel of 60-ft a ae 


‘The ship model tests discussed i in| the fifth paper of the | . Symposium clearly Py 


_illistrated the importance of depth on the controllability of a vessel. 
_ ‘Mudder angle required to control and hold a vessel | parallel to the banks during | 


ff center-line 2 maneuvers is the best indicator of relative controllability. 
shows besed on data from tests, the rudder 


G — SHIP ON COURSE 11S FEET OFF CHANNEL 


PRISM LINE , SPEED 9 


REA 


HANNEL DEPTH IN FEET 
> 


CHANNEL DNSENBIONS 
BOTTOM WIDTH-S60FT 
WIDTH AT 40 FT DEPTH-600FT 

ce SIDE SLOPES - 45 DEGREES 


CHANNEL DEPTH In FEET chance oF ‘LEVEL IN 


FECT OF CHANNEL DzpTH oN SHIP Fig. 56.—CHANNEL Dupru Versus CHANGE 


‘ted required to maintain a large naval vessel (length 900 ft co ft, 

and draft 32.25 ft) on a course 115 ft off the prism line of a 500-ft wide ian 

“(bottom width 500 ft with 45° bank slopes and depths ranging from 45 ft . 

80 ft). A ship might be in such a position in a passing maneuver 

nonentary failure of equipment or wrong execution of a rudder command. 

_ Ata 60-ft depth, a rudder angle of only 9° is required to control the vessel. 

Ina 45-ft , depth of channel, the angle required i is 20° and the curve is rising 

-tapidly, indicating that an unsafe condition is being approached where full 
available effort of the rudder would be required t to control the vessel. The Es 
gain in reduction of the rudder angle s as depth increased beyond 60 ft i is s slight 
and would not justify the increased construction costs. 
- Inselecting channel depth, sufficient clearance must be provided between 
the ship and the channel bottom to avoid excessive sinkage or change of level 
of & vessel when transiting a restricted channel at the maximum m allowable 


speed. Fig. 56 illustrates the effect of channel depth ¢ and ship speed on the 
change j in level | of f the same large naval ve vessel 8 as that i in Fig. (55 ins ina channel with 


‘This study, which considered speed and channel width, indicated that 
ood vessel controllability the channel depth of the Panama sea-level canal 
iii 
el 
of 
of the 
drat 


the s same width as the proposed canal channel. The curves are 

_ based n data obtained from ship model tests, verified in part by measurements — 


Bets rad channel depth of 60 ft, sinkage would not be a factor so long as the channel has 

Res Be a width of 300 ft or more. — The curves shown are for the stern only, the bo ow 
curves being similar. ~The ship traveled on the center line of the channel. 
Bes oe __ Based on the experience of existing waterways and experimental work at 
eee mee he the Taylor Model Basin, with due consideration of costs, a minimum | depth of 
tag a DA 60 ft for a sea-level canal is considered adequate. For a lock canal having a a € 
ae ; - shorter length of restricted channel, a lower transit speed, and r no currents, a 


‘Two methods. were used i in designing the width of channel, one (method 4) : 
being based largely on the adjustments of similar existing waterways, and 


other (method B) being based primarily on observations of the be of 
ships i in existing waterways and in ship model experiments. 


= ae wz Method A.—The existing waterways used i in the application of method A 


should have characteristics somewhat similar to the waterway for w which the | 
_ channel width i is to be determined. ~ A study is then made to ascertain the 
sizes of the largest ship or ships of enee maneuverability that can easily — 


ie Bi hs oe each of the existing waterways under normal conditions with the de- 

"gree of safety and efficiency of transit desired in the proposed waterway. ‘The 
selection of these ships may be on the basis of either | single-direction or WO 
direction traffic. In those waterways where single-direction traffic i is cused as 
the basis of analysis, the ship selected is called the ‘ ‘representative ship.” * In 
those where two-direction traffic i is the basis of analysis, the larger of ‘the e@ two 
"passing ships i is called | “representative ship No. i,” and the smaller, ‘ “repre- 


sentative ship No. 2.” The ships that are adopted as the maximum si ‘size for j 


which the proposed should be adequate to provide two-direction traffic 
be are designated ‘ “design ships” and the notations “No. 1” and ‘“‘No. 2” apply to 4 

the larger and smaller ones, respectively. ‘The channel section of each water: 

is then adjusted to be. adequate for the “design ships” “transiting: the 


"portional to size, the resulting are then adequate for ship 


The adjusted ‘channel sections of the existing water ways are now 


— 


adjusting the channel width. The adjustment i is based « on the pre premise that 


of ite. area. 


made on actual ships transiting the Panama Canal. It was found that, with a 4 
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This procedure requires four steps, asfollows: of d 
channel dimensions of each existing waterway are multiplied by dim 
CSS a a the ratio of the dimensions of design ship No. 1 to those of representative ind 
No. 


pril, 

3. The third is an n adjustment for design ship No. 2. channels 

oe which i in the previous steps were based | on single-direction traffic are ~ ea 


in width by an amount equal to three times the beam of design ship No. 2. 


- Channels based on two-direction traffic are increased (or decreased, if the first pls s 
_ step Fr resulted i in representative ship No. 2 being larger than design ship No. 2) 1 oe a 
by an amount equal to five times the difference between the beam of detan =; 
; ship No. 2 and the beam of representative ship No. 2 after the latter has been ae 
i “multiplied by the ratio used i in step 1. | The ratios of three and five are —s 


atime is made in the channel widths obtained in step 3. The character- : 


nel width 


ie compared are traffic speed, — alinement, bank material, and length 


3 


23; 


Application of Method A.— studies using ‘method A included tho 7a 
Cape Cod Canal, the Suez Canal, and the Houston Ship Channel, and Gaillard 


i Cut of the Panama Canal. ~The proced lowed in adjusting the Gaillard — 
Cut channel of the present Panama Canal is described in detail. 
The study of 1 navigation in Gaillard Cut showed that for ‘single-direction 
traffic the representative ship is a tanker, and for two-direction trafic 
representative ship No. 1 is a Liberty ship and representative No. 2 
8 ‘small ocean-going cargo vessel. — The S. S. Pereira, a a vessel of good con- 
1 trollability with a beam of 32.7 ftanda draft of 15.1 ft, was selected | as typical 
of small ocean-going cargo vessels. Both cases are shown in Fig. 57 which 
a illustrates the step-by-step procedure used in determining channel widths for 
Panama lock and sea-level canals. two-direction traffic condition which 
_ is shown as case 21 in n Fig. . 57 will be developed for a Panama sea-level canal in oy 
following paragraphs. In this application the large loaded ore ship (Table 
Mi is used as ‘design ship No. 1 and the Liberty ship as design ship No .2. .2. One a. 
of the r requirements of this method is that design ship No. o. 1 and representative picet aie 
= No. 1 be of the same controllability classification, thus the large naval — 
vessel (Table 27) could not be used. The ratio of the beam of design ship No. 1 ae 
(78 ft) to the beam of representative ship No. 1 (57 ft) is 1.37 and the ratio of $3 ees. 
of drafts (35 to 28) is 1.25. The average of the two ratios is 1.31 which, for Reve 
"purposes of conservatism, is increased to 1. 35. actual minimum channel 
i ‘dimensions of Gaillard Cut and the dimensions after being multiplied by 1.35 Se ; 


in the first step ai are shown i in Fig. 


‘ie, not only was the s size of the channel increased, but representative ae 
No 2 was also increased in size from a beam of 32. 7 ft and a draft of 15.1 ft, ie > 
to: a beam of 44 ft and a draft of 20.5 ft, respectively. z ~The difference between 
- the beam of design ship No. 2 and that of representative ship No. 4, after ad- 
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channel width is chon 5 x 1B = 65 ft. Thus, the bation width| 


the ‘Gaillard: Cut channel section is changed from 363 ft to 428 ft. 


4 takes into account the difference in the navigating and physical 


characteristics of the waterways. _ Traffic speed i in Gaillard Cut is 6 knots, but 
10 knots is to be allowed in the Panama sea-level canal; therefore, : 

in the width of t the Gaillard Cut section, as adjusted by step : 3, is indicated. 7 

_ There are no appreciable currents in Gaillard Cut, but currents up to 4.5 knots 

— would: obtain in the proposed canal; therefore, an appreciable i increase in width ‘a 

‘is indicated. ‘The alinement of the proposed canal would be an improvement 

over the existing alinement through Gaillard Cut, so a a decrease i in wi width is indi- | 

_eated. Bank material would be the s same for both waterways, so no change in _ 

width is indicated because of this factor. Gaillard Cut is about 8 miles long, 

‘and. the proposed canal would have about 30 miles of restricted channel of 

: ae mi nimum width; ; therefore, a an 1 appreciable i increase in channel width i is indicated. ‘ 


BANK CLEARANCE MANEUVERING LANE SHIP CLEARANCE 
_140' 193' (180% OF BEAM) 60' 


181’ (16Q% OF BEAM, 


_ BEAM 57° 


order of their importance to channel w idth. general indicated adj ustment 


by the first three steps a are ‘shown in Fig. 87, slight adj ustments being ind 
cated in parentheses and appreciable ones being underlined. The bottom 


width for the Panama sea-level canal as indicated by this 1 is 560 ft. 

_ However, because | of variable slope conditions that would prevail throughout — 
the canal, it is considered desirable to reference the channel width to a depth 
“corresponding to the draft of the larger vessels, which i is ‘approximately 40 ft. 

On the of 1- pte side in method, indicated 


eo ethod B— In this method the channel is divided into ‘ee’ 


the width of the channel. The parts, are titled * 
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“this of analysis, use is made of experience at Panama, pilot opinion, ond 
_ “the results of the ship model tests as presented in the fifth paper of this Sym- any ‘2 
al eleah. The p passing of the large naval vessel and the Liberty ship is used aos 
ut ip this application since test data are not available for the oreship. es 


 § The bank clearances A and E are considered as the space from the rail a 


rts 
th 


off the bank. i distance is selected Fig. 59, which the » rudder 
ship on course parallel to 
F the bank for various offsets 
from the bank of a channel 
— 60 ft deep and 600 ft wide > 

at the 40-ft depth. The x. Ho 
that had to be carried to 3 
hold or to maintain the 
vessel on its course under a 


particular se set of conditions: 


2 


LARGE NAVAL 


ful 


j 3 

The maximum angle to 

which a ship’s rudder can FROM 


beset is normally about 35°. FOOT DEPTH,IN FEET 


Fig. 59.—Banx CLEARANCE VERSUS RuppeR ANGLE 
angle and that required to 


“SHIPS RAIL TO BANK A 


accomplish a particular maneuver is measure of the ‘Teserve controllability 
available i in the event of an ‘emergency. Thus, a large rudder angle indicates 
a: 8 low | safety factor, and a small angle, a high safety factor. _ The > selection 
a of the maximum rudder angle considered safe for approaching the bank or | 


‘ for Passing an. opposing ship must, therefore, be made primarily on the basis of ae ich 
navigational safety. 2 Also, the selection must take into consideration the dis- be 
crepancies in model tests as ‘compared to actual navigation, and the factors 


3 affecting the channel dimensions which are not t fully considered in oe 
th model. bank clearance selected is based on a rudder angle « of 5°, 


: considered to be a very conservative value but selected to provide an excess — 


of safety to cover conditions that exist in an actual waterway that c sani he oa 
2 reproduced in the model. _ From Fig. 59, the bank clearance for the large naval a 


cannot be 
; icone is 140 ft, ‘and for the ay type ship it i is 60 ft—both clearances a: 


a maneuvering lanes are indicated as B and D, Figs. 58 and 60. eo 

lanes represent the part of the channel i inv which each ship may maneuver without - i 

encroaching on on the safe bank clearance or without approaching the other ship 
us interference between ships will oce . 
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aes PANAMA CANAL 

; _ model tests in themselves did not give sufficient data for fixing the widths of 


an the maneuvering ; lanes because | time and funds did not permit the running of 
ie sufficient number of tests on the wide range, of ship sizes and types that 
eating be ‘necessary to establish the ne possible variations of a ship’ position when 
Based on pilots’ opinions and observation of ship courses, the 
8A 


181" (160% OF BEA 100° 103' (80% OF BEAM) 


CANNEL 

BEAM 113’ 


—ELEMENTS OF CHANNEL Lock Canal 


of the maneuvering lane has been established as ranging from 160% to 200% 
the beam of the ship, depending on the characteristics of the ship. 

limited observations taken ¢ on transits of actual ships through certain reaches 
ese allowances: are 4 
Plots 


=, maneuvering lane if euficient depth of channel is provided to 
3 proper response to the rudder. Ships having “ very good, “good,” and ‘ 
ns controllability are considered to require maneuvering lanes of 160%, 180%, an 1 d 
— 200% of their beams, Tespectiyely. ~The large naval s ship with a beam of 13 
Be pen. ft, therefore, would require a lane width of 181 ft; and the Liberty ship, one 
‘The ship clearance indicated as lane C in Fig. 58 i is the minimum space be 


a ee een | hips in passing: that will assure g good controllability for both shine ; 


during and following the passing maneuver. As 


and the ‘interaction between th the two ships becomes controlling. - With hips 
le at the i inner limit of the maneuvering lane, bank action is insignificant. The 
—— model tests indicate that, if rudder angles of from 10° to 15° are not to be 
bs exceeded when two such ships pass in a channel with a a current up to 4. 5 knots, . 
Batt eam me the distance between ships must be at least 100 ft or r equal to the beam of the 
larger ship, whichever value is greater. Pilot opinion is consistent with this 
etiterion in establishing clearance. A larger rudder angle for passing 
than that used for bank clearance is justified the much shorter time 

pint that the interaction between ships « exists as compared to the time bank action 

4 affect the ship The 1 minimum clearance required for the 


large : naval and the Liberty is 113 ft. 
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Panama has generally | confirmed qualitative results of the model tests. How. 


ever, there are certain. discrepancies between model and prototype. which must ee 
be considered i in adapting the test data to channel design. The factors favoring 4 


the test results included the following: 


4 
4 


Th 


part of the channel are shown in Fig. for 
section of a iock canal resulted in the values shown i Fig. 60. 
- The Panama Canal pilots. assisting in the ship model tests were of es 
‘opinion that the effect of the proximity of channel banks and channel bottom, rf ica , q 
the currents, and the interaction between passing ships were clearly and accu- ze 7 
rately indicated in the ship model tests. A limited series of prototype tests at = 


(a) Uniformity of channel section, = 


(c) Freedom from mechanical (rudder | and engine) 


Be Time pilots to. act seven to ten times as fast; 


(0) Stability of ship models a about a vertical axis: not being ‘comparable 
with prototype ‘ships (Particularly ¢ evident i in the test run using the 1: 86 os 


ae (c) ‘The fact that the pilot: is not actually ; aboard ‘nis we vessel and thus loses — 

the viewpoint and the “feel” ofanactual ship, 
Pilots were in that navigation under conditions would 
show some over-all improvement over the action observed i in the model. The — fe 
model tests, although limited in their capabilities to reproduce and take into 
‘Pedeesting all factors affecting the safety and security of transiting ships ae 
in an actual waterway, have performed | an invaluable service in enabling the ee 
“pilots, technicians, engineers, and consultants to common n understanding 

the operation of ships i in restricted channels. 


ose factors not t favoring the the test saps included the ae is, 


SELECTION OF CHANNEL DIMENSIONS 


“Pilots and marine operating officials at the Cape Cod 
"Ship Channel, and the Suez Canal were polled informally by Panama Canal ee 
_ Representatives on their views with respect to the required channel width and 

depth for two-way traffic i in the Panama sea-level canal, The Cape | Cod per- 

sonnel considered that a channel from 500 ft to 600 ft w ide, and of adequate — 

depth, would afford easy navigation for the largest commercial and ‘Inilitary < 


ships. the Houston Ship Channel it was considered that for a channel 
with rocky | banks the channel should have a minimum width of 600 ft and a Rae ; 
minimum depth of 60 ft. The Suez Canal personnel were of the opinion that eae. 

a channel from 500 ft to 600 ft wide and from 50 ft to 60 ft deep would be 

ample for two-direction traffic of the largest co 
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tudies—1947 and are in general 60 ft deep 
and 600 ft wide at the 40-ft depth would be satisfactory for the sea-level canal. 
_ and that 55-ft by 500-ft dimensions would be adequate for the restricted chan. 
We AS a result of the design studies and opinions 3s of marine 2 operating personnel, | 
; “ity was concluded that the Panama sea-level canal should have a minimum 
be”. is a annel depth o of 60 ft and a minimum channel width of 600 ft at the 40-ft depth, 

i =< and that corresponding dimensions for an improved Panama lock canal som: 


oe channel, particularly if currents exist. The alinement as tentatively accepted 

Pe a sea-level canal has a maximum deflection angle of 26°. _ This value cor- 
Ee a responds to: maximum deflection angles of 30° for the Gaillard Cut of the present 


& ies Panama Canal, 63° for the Suez Canal, 75° for the Cape Cod Canal, and 109° 
Experience in Existing Waterways. —Analysis of the different of curves 

rs on - existing waterways, although illustrating the weaknesses of much of the 
ae treatment, has not resulted in the development of a satisfactory method of 
treatment for a sea-level canal. There are so many differences i in operating 
ates technique and physical conditions of the different waterways that comparison 


ae of curve treatment to establish the best method is not possible. “ The marine 
ae opinion : at Suez, where tI the original curves were widened and modified, is that 
Brass unwidened long-radius curves are the most desirable. However, this opinion 
shes is based on oe traffic on curves with no passing even of ships tied 
ee _ The Cape Cod Canal i isa good example « of a channel having curves of fade 
quate radius (7,000 ft or “more) ‘and channel width (480 ft) to permit two 

reas direction traffic and practically unrestricted operation by all ships that may 
ae aa transit the waterway. ' There are no o straight sections in n the land- cut channel 
Ses of the Cape Cod Canal of sufficient length to establish any y relationship between 


the difficulties of navigating on curve as compared to a channel. 


4 


; 


‘ satisfactory for-a without currents, 


be unsatisfactory with currents of ‘poor flow and eddy conditions 


28 aia the continuation of these tests to the | point where e finally conclusive results 
- could be established. — - Most of the tests were conducted at a scale of 1: 86 
rather than at the: scale of 1:45 used in straight-channel tests. Outlines of 
the various curve treatments tested are shown in Fig. 52. | The 1:8 86 scale tests: 
‘indicated that the curve with no widening (Fig. 52 (a)) was superior to all the 
others for ‘single-direction traffic and that traffic would not 
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deep erratic an and definitely not consistent with re experience at at either bias saint 
or Suez. 2. It was believed that the instabilities | of the 1:86 scale model and of 
cnan- 

onnel, curve, 600 ft wide at a 40-ft depth and 60 ft aig, itl 1-on-1 1 side slopes, o ay a 
imum radius, and a 26° intersection angle. ‘These tests clearly demon- 


strated that. complete dependence | could not be placed on the results of the 
1:86 model tests. The tests to a 1:45 scale demonstrated that single-direction 
navigation around a prototype of the curve tested is entirely practicable and 
safe with controllability characteristics similar to those for operation in straight _ iva 
channels. ee ime did not permit two- -way navigation tests in the 1:45 scale 
curve. The limited number of off-center. runs, although showing some im- 
provement in conditions over the 1:86 scale tests, did not indicate that two- 
direction traffic of ‘ “design sh ships” would be a safe operation. Yea 


resent Whether a practicable method of widening can be to ‘permit 
d 109 assing of the large ore carrier or naval vessel and a loaded Liberty ship (de- — ae 
sign criteria for straight channel) has not been es established. It is considered 
curves 


that model tests to scales of 1:20 or of 1:30 should be used in any further tests 2 


of the to determine the best methods of curve treatment. 
hod of - Should it develop that satisfactory curve treatment for two-direction traffic 

erating His s unsttainable, operating restrictions would have to be placed on the passing E 
parison of the larger ships on curves. These restrictions would not noticeably affect ot Die 
Marine PP be transit time or increase delays to shipping but would necessitate more de Bes 

opinion 


otal angularity of a The largest of the angles i is 67 67°, and four of ‘the angles — ™: 


Use of this alinement and a center-line radius of 12,500 

—CoMPARISON or SELECTED ALINEMENT FOR Sra-LEveL 

, WiTH Present CaNaL 


at may 


ines are 


Minimum Total 


e results| 


* 


‘of 1:86 Mitt on the curves would result i in n almost, 50% of the the restricted ch: channel of & sea ‘ 
tlines of HBlevel canal being in curves, and was considered unsatisfactory for a sea-level” ei 
vale tests aa having ¢ a restricted channel for the part of its length in which 
‘0 all the currents up to 4.5 knots might exist. yak 
not be | investigation was made of alinements for a sea-level at 
vere vely ranging from the present canal alinement to an absolutely straight 
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cor- 
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-alinement from line to shore line. alinement i is. in 
‘Fi. 7. _ Then maximum angle in this : alinement i is 26° and the total angularity 


angle : or in the total angularity would not decrease the excavation cont, 


of the this with that of the present canal 


600 
3 on 2 


Qualify ing Operation Criteria— 


traffic with maximum limitation of largest ex ex 


isting naval vessels or a large commercial pass 


mn ot adequacy of f the proposed se ed 
¥ Canal pilots as presented i in a review of the Governor’ ~ Report to Congress by § 
a pilot committee consisting of four senior pilots whose > total experience at t “th 


Panama Canal totals 87 years: 
we “From a piloting point of view, we feel ‘ge this canal i. level] will 
have a greater safety factor than the other three plans [lock canal ] outlined 
and will not contain any difficulties or hazards of any importance. 
most important safety ietore inherent i in th the proposed se sea-level canal ae 


resulting fu 
(Number of angles i 
Radius of curves, 2s (dependent upon furthe tiles.... 4.21 

| dimensions and should prov that maybe 
lesign is liberal in phys l and military, 
The design is li ipping, both commercia 
r all shipping, 
— 


he, 


the alignment, and tidaleontrol structures, 


r Tests and I Tha channel dimensions for the 


aie in the event that construction is s authorized, the magnitude of the c a 


it essential that additional studies be made. These studies would consist of 
further investigations | of navigation in existing waterways and continuance of 

the ship model tests. Particular emphasis would be placed on the /develop-— 
ment of data to confirm | the width of maneuvering lane and passing clearance ie ony. a 
bi and the best method of treating curves. Model studies would be conducted at a “ 
8 larger scale than used previously to reduce the scale « effects 


as an uD y dama nt 
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"EXCAVATION (SLOPES 


THOMPSON. “s AFFILIATE, ASCE 


‘The soil mechanic studies to establish stable slopes 
“br for the formations that would be excavated for a sea-level canal at Panama are 
described i in this pa paper. The authors discuss the early and current geological 

investigations, the ‘geological features of the area, the difficulties experienced i in 4 

the slides that occurred during construction of the » present c: canal, and the devel- ; 

opment of slope standards used in the preliminary design of a sea-level canal. 

. ie paper concludes that adequate exploration and testing to develop the 

strength properties and distribution of the materials to be excavated, combined 
allow design 


three times the volume of removed i in ‘the of the existing: 
Ses canal. Almost 30% of the new excavation would be concentrated in a 4-mile 


section through the Continental Divide north of Pedro Miguel, where cuts 
deeper than 600 ft would be required. | 


Experience with the great slides that developed during the excavation of 


The renowned slides of the Panama Canal occurred i in ‘the Continen- 


Divide area, the greatest troublemakers being limited to the 1-mile 


d _ There can be little question of the importance of designing the canal banks 
for stability. If permitted to occur, slides might block the canal during or 

Interruption of traffic by slides at a any time would 

2 penalize commerce, and in wartime such delays would be intolerable. Further- . 


-. ‘more, if slides occur, » the total amount of material to be removed would be 


greater than the excavation required if wes canal banks were excavated initially 


4, 


Soils and Geology Branch, Missouri River Div., Corps of Engrs., Omaha, Nebr.; formerly 
tion, Special Eng. Div., The Panama Canal, Diablo Heights, Canal nal Zone. 
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slope studies made 1939 to 1042 de during the Locks 
Pr ‘oject, par ticularly those of the areas containing the materials most critica 


additional would be prior to excavation to locate 
cod contacts between rock formations: more accurately, as = as to define the 


More extensive testing pore more detailed analysis’ would also be 
oo in the design of final excavation slopes. — It is believed, however, 
r - that the : studies of slopes reported herein have been conservative enough that 
the estimates of excavation cost will than cover in 


The | of the Canal Zone has been ste studied for many 


engineering purposes and, moreover, was neither systematic nor thorough. 7 By Bove! 


~ present standards, the wears investigations by the French during the periods i 
2 of the first and sporty canal companies were very inadequate. od Explorations 5 
were e conducted i in some detail to determine foundation conditions at dam, lock, } 


ae mation for establishing proper slopes was manembbled for the regions of heal q 


through the Continental Divide area slides later developed. 


‘TABLE 30. —Sussurrace E 


IN GaILLaRD Cor 


Average depth # 


1894-1903 No records: 
1904-1914 
1938-1943 


a The Panama Canal. 8 Includes wenty-three holes on ‘adjacent Panama ro routes. ¢ For 5 purp es 
mating sea-level canal slopes, these holes are of more value than all previous borings combined. They 
re the only borings completed for that specific purpose—that is, spotted at critical locations, carried dows 
_ to sufficient depth (El. —100 or deeper), with © cores carefully logged 2 a geologist, and with samples 0 ¥ 


The principles of slope design to forestall the “deep deformation,’ shear-type 


eee ‘slides were not known at the time of the early studies. ‘It was not until neat | 

Ss this end of the American construction period, after serious sliding was: well ad- 

vanced, that the studies of the late D. F. MacDonald, then resident eal 
e sg an appreciation of causes and en of this type of failure. 


ough understanding 
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 « DOT= sites DV Dotn the early French and early American | 
area 
orig’ 
ia 2 | New French Company..... each 
| Isthmian Canal Commission. . . sam 
4 | Third Locks Projects............... 
Studies under Public Law No. 280¢.. 
udies unde lic Law No. 280°. . Sam 
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resulted in a the of the geologic nature of 


small areas in which excavation was to - made for the locks and ‘approach _ ts 


channels. In addition to determining the foundation adequacy of the 
tudies the sites selected for locks and appurtenant structures, investigations were 


sufficiently detailed to permit the establishment of slopes that would fist secure © 


tpn 


locate | 
B against major slide dev velopment. In this work great oer was derived from 


ine the | 


Table 30 presents: ‘the q quantities 0 of subsurface exploration performed 


ywever, | 
. tha ‘of the several periods of major design or construction at Panama. — 
in slope Frevp anp Laporatory INVESTIGATIONS 
‘The investigations 0 of ‘the geology of the region traversed by the alineme 
of the Panama sea-level canal included: (1) Mapping on 1:20,000 scale base eres 
maps of all outcrops to be found along the line of the present canal, roads, and a op : 
natural exposures such as stream channels that have removed the deep soil es pon 
overburden; and (2) core borings at selected locations to develop further the 
character, distribution, and ‘structural Telationships of the underlying ‘Toe 


formations. Both methods of investigation benefited stereoscopic 


orations 
m. lock, *mination of “aerial photographs, which permitted characteristic topographic 
‘can in-  Pressions to be used in tracing faults and contacts and i in establishing 3 
of infor areal extent of certain” formations. A large proportion of the borings was 


f heavy located near the Continental Divide where the sliding of oversteep slopes i in worl 
veloped. original canal excavation attested to the need for careful study in ‘setting of - 
«slopes required by the greater depths of cut for the new canal. 
to 1947 ‘The deepest boring made during the present investigations, near the Con- 
— inental Divide, was 825 ft deep. The average depth of : all holes drilled wa: 
___ 36 ft, and the total footage drilled for the 230 holes completed | up to July i, 
947, was 54,376 ft. Drill accessories employed were of “NX” size and 
diameter cores. Tungsten-carbide hand-set bits were found to be most 


o | eficient for the soft and medium rock types, whereas diamond bits proved best 


records Core-boring operations were inspected by a qualified geologist assigned to 


“oO each drill rig. _ Samples of rock k were 0 obtained with standard core barrels an 
; 35 samples of the softer types of plastic overburden with 3-in.-diameter brass tubes. 7 
— Samples. were Subjected to standard laboratory tests to determine their engi- 


arried down and Were by unconfined and triaxial ‘compression tests. 
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Geologic History —The ‘datable geologic history of the: 
intil neat Canal Zone commences in late Eocene time, some 50,000,000 years ago, when — 
; well ad- fam the local Isthmian Tegion was depressed t to the extent that a seaway extended 
geologist, tiagonally across it and covered at least part of the present Canal obperteet ie 
. ig the ages, 


and 192 


relatively 


nic activity ejected v vas 


period 
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over then- lands seas or intruded i igneous rocks into the 
materials. This period is re’ ‘Teflected today by widespread distri- 


resulting from normal sedimentation processes. 
ae topography ‘of the Canal Zone is the result of stream erosion in a a humid 

"climate acting on a land surface, composed of rocks with very different resist- 

ances to erosion, which periodically has been elevated and depressed with re- 

to sea level. The Tegion is one of unique topographic diversity, char- 

a acterized by conical, irregularly spaced _ and by | unsystematic drainages that 
ck a chaotic appearance to the terrain, Sizes and shapes developed by the 

~ land forms are controlled | ‘principally by their relative resistances to erosion. ie 

i ‘Structural ‘features, ‘such as faults and folds, play | a secondary and relatively 

oe role in configuration of the landscape. — _ Drainage patterns ar are well de 


veloped and sharply defined despite their comparatively recent geologic age. 
a ast Areas underlain by soft rocks are marked by broad v alleys within which the 
pee streams have beveled the ‘Strata and d deposited on them a blanket of 


alluvial material. Along ‘both coasts, extensive swamps are present in the 


Only the f formations that would be 2 cut through bye con- 


‘ 


files, in Fi ig. 62, to which, the following condensed descriptions apply: 


Ponty consoli idated mucks, clays, ‘silts, gravels, 


..Medium- hard, medium to fine-grained, coarsely 


. Voleanic pebbles, cobbles, 

Flows and intrusives 


soft silty and sandy with 


oy 
stone, tuff, and agglomerate interbeds 


- Medium-bard tuffs tuff- 


“angular: of “andesite and 


in hard sandy matrix of same 


agglomerate... Hard, fine to coarse textured 


cm 
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“old volcanic vent and cemented into a strong dark-gray rock of concrete-like 
_ appearance on freshly exposed | surfaces. — The Bas Obispo i is hard and tenacious 


ES, 


except where broken or ‘sheared and by faulting. g. Only small slides 


dated to fault-broken zones. ‘Where undisturbed by 
7 represents one of the strongest rock types involved i in new canal cn ri 
About 2.5% of the total excavation for a sea-level ca canal at Panama w ould ial 
_ Las is Cascadas Formation. —The Las | Cascadas formation originated i in much 
the same manner as the Bas’ Obispo and directly overlies it, but its subsequent 
history been dissimilar and it is ‘much more heterogeneous. The Las 
Cascadas is mostly ‘composed of scattered hard angular fragments of basalt and | 
andesite that are embedded unsystematically i in a fine, soft to » medium-hard, — 
altered tuff. . Some sections are composed entirely of well- bedded tuffs without | 
the hard i inclusions. The fines are variably clayey and locally somewhat be 
tonitic. _ The formation contains interbedded and random sheets and dikes: of z, 
hard, igneous r rock, mostly either basalt or andesite. During 
after t the original construction of the canal, numerous small b bank failures de- 
veloped in this formation where the banks had been weakened by faulting 
One of the weaker rock units within the Canal Zone series, it would comprise 
only 1.5% of the excavation for asea-level canal. 
ete: Formation. : —The Bohio formation is composed of heavy beds of con- 
slomerate and sandstone with infrequent shale o or tuff layers. The conglomer- 3 
ates are most prevalent and consist’ of subangular to well-rounded pebbles, 
cobbles, and boulders in a basaltic sand matrix. The Bohio, in general, is 
cemented, moderately hard, and has widely spaced joints. ‘This formation 
would comprise roughly 12. 5% of the total, excavation for a een-leyel canal at 


Culebra Formation Culebra formation overlies, unconformably, 


ry Cascadas formation and is in turn overlain by the Cucaracha formation 
The ( Culebra can be divided into an upper calcareous and a lower — 

member. Its component beds are mainly soft to -medium-hard sandstones, 

shales, limestones, tuffs, and thin conglomerate sea seams. ~ Carbonaceous shales 
and a | few impure lignite | beds are found frequently 1 in the upper and middle 
parts, and it is highly” fossiliferous ‘throughout. This is ‘one of ‘the weaker 
formations found in the Canal Zone. .% About 15% . of th 


would be tock this formation. 


some. time after the original digging of the canal. maximum 
thickness of the formation is 625 ft. Its composition i is dominated by weak ae 
poorly b bedded , variably bentonitic, slickensided, soapy-textured clay shales 
(tered impure tuffs) interbedded with soft to medium-hard, fine, ta 


ers & ‘Apri » 1945 PANAMA CANAL 577 
hh formation is taken in order of geologic age, 
tri beginning with the oldest and progressing to the youngest materials, 
omerate forme om angular rock fraomentsa sh that was blo fro m 
the 
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involved largly inl 
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indusated tuff. The formation largely an accumula. 
tion of fine voleanic detritus that has been rework ked by stream action and sub- 


‘resulting creation of hydrous clay minerals of the ‘montmorillonite-beidelite 


level eae alinement and would represent 14.5% of the total volume of F exea- 


La Boca Formation: —The La Boca formation consists of -medium-hard, 7 
silty or sandy, variably calcareous shales, tuffs, sandstones, and limy con- 
beds, with scattered heavy agglomerate layers. is similar in most 


: essential respects to the Culebra formation but represents only 2% of the mate- 


to be excavated for sea-level canal construction. 


Pedro Miguel Agglomerate.— —This formation occurs “near “Pedro Miguel, 


sacs it overlies and i is in intimate association with the Cucaracha formation, : 


et Thick beds of agglomerate also « are » found interspersed 1 within the lower part of 
the La Boca formation. dominant constituents range from small 
"angular fragments to huge blocks of basalt enclosed in a strong, dense | tuff i 


matrix, locally cemented by calcite. Beds o of hard, black, indurated 


— 


— 
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Sep ip. 


Only 4% of i decibels that would be removed for a sea-level canal are from 


Caimito Formation—The Caimito formation is widely distributed in ow 

- Gatun Lake area, , where it overlies the Bohio formation. — a. ‘Tt has been divided 


into three recognizable units. iy 


Hinestonés, and is localized in extent. The upper phase i isa 
ore widely distributed s¢ series of tuffs, tuff-breccias, and sandstones, with occasional 

sandy or fairly pure limestone. beds. It is moderately strong throughout. Of 

a total sea-level canal excavation, 13. 5% would be through ‘its members. 


Gatun Fe Formation .—This formation i is composed essentially of variably ‘cal, 


eareous or argillaceous fine-grained sandstones, tuffs, and a few ‘conglomerate 
beds that were deposited in a shallow sea in middle Miocene time. ‘Stratifica- 

“th tion: and jointing are massive and tight. As encountered at the site for the 


Gatun ‘Third | Locks, it was easily excavated with a minimum of blasting, and 
BY the deen cuts made for this Project in 1941 and 1942 show no sliding after 5 
years. of the material to 


moved i in sea-level canal construction at Panama. 


Atlantic an Pacific. M ‘ucks.—These deposits are the: combined accumulation 

; “of stream-deposited and ocean-deposited fines that were laid down as a result 
of a general la land submergence i ‘in late Pleistocene time that drowned the then- 
existing stream-carved topography. Soft clays, silts, sands, organic swap 


deposits (mostly leaves and wood), and layers. of sea shells are found 
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rse, cro ss-bedded sandstones; pebble conglomerates; 
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the Gétun: (Middle Miocene) been intruded by volcanic dikes, aille,. 


Sea- or plugs, and have interlayered flow rocks. These are mostly basalt, but ande- ae 
sites, rhyolites, and dacites are occasionally present. Rocks of this group in 
- their unweathered occurrences are hard crystalline types and are characterized 
ard, by a high shear resistance, but their other properties are extremely variable. 
are found in greatest development in the central and Pacific regions. 


UA About 8.! 5% of the total volume of ‘sea-level consist ¢ of i igneous ; 


<. Soils and W W eathered Rock.—Depth and character of the ‘soil and weathered 
cover are much diversified and are ‘usually, ‘related to the type of 
- lying rock and topography. In many instances, weathering i is known to extend 2 
to depths | of 50 ft or more, but the average depth i is in the order of from 20 ft 8 
ft. Clay soils predominate throughout but are usually rather stiffandonly 
plastic. ‘This material and the mucks | previously de described rep- 


or sent together 24. 5% of the total volume of materials requiring removal for 


ally. Geologic  Structure.— Geologic cut the center line of the proposed 
from canal alinement, are shown in profile in n Fig. 62. 2. Particular geologic study 
has been devoted to a number of basalt-capped or agglomerate-capped hills i 
the _ the section between the Continental Divide and Pedro Miguel. The structural 
telationships of ‘these hill- -forming, hard basalts and agglomerates toadjacentor 
softer materials of relatively low shear resistance, as as typified by the 
cous 
buffs, 3 mined to be deep-seated, stable 1 masses s of agglomerate | or or basalt. that p present 
isa 2. unusual problem in the design of excavation slopes for a canal, but others — Be ED 
involve basalt or agglomerate, as ¢ either cap or an overhang, resting on the 
Cucaracha- formation. _ Experience in the construction of the existing canal 
bers. 
opened in a com 
erate “the materials i is above the bottom of the cut or thin limited distances 
jifica- below. The potential ‘slide hazard of this condition can be eliminated only = 
r the special involving a removsa 
, and 

‘Types of Slides.—The slides of the Panama Canal were divided bya 
Deep-deformation Slides. These began where the was 


_ cut deep into weak, somewhat plastic rocks. The weight of the high steep _ ae 
banks caused the rocks to deform very dowiy and eventually to shear more teat 
than a score of yards below the bottom of the excavation. (2) Structural ca tae 
5 Slide ; These took place where sheared zones, joints, bedding planes, or — ae 
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(3) Mudflow Slides. These formed where mud or moist clay slipped off or 


down an inclined Combination Slides. A combination 


5 


The sli lides were far ‘the an 

They practically all originated i in the Cucaracha formation and, in 2 the area of 
_ principal o occurrence, are represented by the two slides of greatest magnitu tude, 
_ the East a and West Culebra. ie ‘Slides of this | kind 1 began te to develop w when the Ami © 


ses 


eavation was deepened. ~The next largest s slide was the Cucaracha slide, of the 

‘mudflow type. The structural and combination slides were not nearly, as large 

or as troublesome as those of the deep-deformation type. The brief slide history 

~ which follows i is confined te the East and West Culebra slides and the Cucaracha 

slide, because they v were not only the largest, but also the only slides that actually — 

blocked the channel. - The locations of these three slides are shown i in Fig. 61. & | 


as Slide History — Shortly after the start of excavation by the first French — 


canal company in 1884, the Cucaracha slide became active. appeared at 
- first to-involve only ¢ the surface materials—soil and highly weathered rock from a = 


20 ft to 30 ft thick—and took the form of mudflows down the steep slopes of _ 


the cut. _ This slide was intermittently active between 1885 and 1889, while 


the first French company was i in operation. From 1889, ‘when this company 


ailed 1905, the slide was small or inactive, there being no 


re 
erial b by drainage and tunneling. “Surface ‘drainage was reasonably 


successful i in diverting the water, but neither method was in 


ing the reoccurrence of slides. 

_ American excavation for the Panama Canal began in 1905 =a 

Consulting, Engineers established canal ‘slopes approximating 3 vertical 
horizontal for all cuts ir in rock through the Tegion of the Continental Divide. eS 


a ii The Cucaracha slide resumed activity i in January, 1907, ¢ and in October of * 
hat a large mass flowed into: the bottom of the cut and caused 


noved ¢ at of 14 ft per ‘day. 
‘a Another ‘slide developed i in ‘January, 1907, on the east ‘bank of the canal 7; 


opposite the village of Culebra, ‘andin a crack developed 50 ft or or more 


back of the top of the west bank near Culebra. _ This cracking was followed by - i: 
bulging of the bottom of the cut. These 1 movements marked the beginning of a 
the East and West Culebra slides. 4 The activity of the slides increased in 1911, _ 
and large ‘quantities of material tnoved into the cut during the years from 1911 


1913. During this. ‘period, excavation operations were delayed as railroad 


tracks and shovels were overturned. ~The ‘disruptive effect of these slides is 


1911 a project undertaken to stabilize the banks by terracing to 
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appeared thatthe Culebra slides were 


from 2, 000, 000< cu yd to 3, 000, 000 « cu yd of clay” and rock were 


‘near Gold Hill, and partly blocked for 100 ft south. the e remainder 
1913 and during the first half of 1914, , the slide continued to move while failed 4-1 
material was removed from the toe. By August 15, 1914, a channel 150 ft 


ide and 35 ft deep had been excavated through the Cucaracha slide, and the sige 


north of Gold Hill, sere agente 2, 000 ft nea face of the cut and ro 


5 1 ,000 ft back from the center line of the channel, settled almost vertically, : and 
about 725, 000 cu: yd of rock and earth out or heaved up into the 
- channel prism. _ The channel had 45 ft of water when the movement t started 
E An hour later the bottom of the channel had been forced upward i in some places 
fo within 9 in. of the water surface. ~The dredges were able to clear the ob- 
structions and keep the channel open until: August 7; 1915 “when slides closed 
as On September 15, 1915, a section of the face of Zion Hill (directly oa 
East Culebra slide) broke away and settled down. Both the East Culebra 


West Culebra slides then began to move rapidly toward the channel. 
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250 ft wide at the water rising 65 ft above the 
The canal remained closed to traffic for 7 months until April ‘15, 1916. 
_ The Cucaracha slide again became active on August 30, 1916, and closed ‘ma 
the canal to traffic for 8 days. ‘The East Culebra slide started moving again in ‘hn 
ri “ January, 1917, and closed the canal to traffic for 2 days. * No further closures of ang 
Bee the canal were experienced until March 20, 1920, when the Cucaracha slide — 4 san 
again broke loose to close the canal for 4 days. _ In 1931 the canal was closed to 7 av 
- traffic for 2 days while a small slide in the East Culebra area was removed. — 
This was the last time that the of slides, 
—All the worst slides of the original canal 
involved the weak, slickensided clay shale of the Cucaracha formation. Since of mat 
_ the alinement for a new sea-level canal is through an area where the Cucaracha Con 
formation 1 is present, the design slopes i in this is of the greatest con- 
e-Cucaracha slope-design problem was studied intensively during t the | 
third Locks investigations, since an important part of the « excavation for the 3 a 
new Pedro > Miguel locks would have been in this material. The studies i in- offer 
eifec 
Difficulties: were encountered i in obtaining 
suitable laboratory samples from the initial 
core-drilling operations, ; as the cores recovered it) fe 
¥ the weaker horizons were often ba adly 
2 broken. ‘The subsequent use of a heavy | mud &§ 
slurry in place of drill water r reduced caving | 
and increased ‘the percentage of recovery of 
broke apart on the slickensided when being prepared for testing. As equa 
bank. 
curve 
65. Storm Basep ow ‘Stors Curve In Fie. exper 
Since the strength of the Cucaracha formation could not be. determined 
a reliably by laboratory | tests, the slope design s standards for Cucaracha (Figs. § “ung 
64 and 65) were based on the strength of the material derived from ‘urde 
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The tests to the friction were made in a standard direct-shear_ 
machine on specimens cut from solid cores of sound clay shale, polished 


simulate slickensides, and brought into contact u water. The minimum 
angle of friction determined by three series of ‘such tests on three different — J 


samples, under various conditions of normal load, was 10° > which ¢ compares with — 


to [a value of 13.5° obtained for the angle of internal friction from ‘laboratory aj 

orizontal. this bank has 
been ‘disturbed by slides but is of material similar to the 
‘material that would be encountered in the excavation of a sea-level canal. = 
ha : Computations were made to establish the cohesion | needed fer stability of the _ 
bank along the | most critical sliding arc, assuming a of of 1.0 and 

che 

the 

the 

cha 

seepage, was s limited to the mass below this bed. The analy for a 

itial 

ered t) for the cohesion of the Cucaracha This value was checked 

analysis of the first known shear slide that involved the Cucaracha formation— 

mud that of October, 1907—when Gaillard Cut was about 100 ft deep and pre-— 
sumably was being excavated to a slope of 3 vertical on on 2 horizontal. The 

adopted strength values, cohesion to 16 6 Ib per sq friction angle 
~ As &§ set to 10°, and a factor of safety of 1.3, were used i in developing the slope 
1 the curve shown i in 64, Sudden drawdown over ‘the. entire height of cut was 
ana 


bank, condition which ‘might: ‘prevail after excavation. The part of 
wurve for cuts deeper than 200 ft was developed from data published by D. 
Taylor. 6 The part. of the curve for cuts less than 200 ft deep is empirical and ee? re: 
based on ‘recommendations made by Mr. MacDonald on the basis of his broad 
perience with the Cucaracha formation. Slopes” for cuts less than 200 ft 
teep « can justifiably be flatter than theoretically necessary, because the weak- 


s Aprit, 1948 
| 
ee 
At 
wing 
Stability of Earth Slope," by D. W. Taper, Benton Boo, of Gv. Engr, Sly, 397,» 


a the existing Gatun Locks. . The x muck was excavated to El. , —55 on slopes: Beste: 
of 1 vertical on 5 horizontal; but, before the dredging was completed, the ma- § muck 
terial h had slid in ‘some places mhaking the slopes as flat as 1 vertical on 13° was ] 
horizontal. After the excavation was dewatered, when the pile: foundation for perioc 


the approach wall was about half completed, the e east bank gave way and A 
. ine covered the greater part ¢ of the foundation with mud to a depth of of-from 6 ft to Color: 


18 ft. ‘The final slope v was 1 vertical on 20 horizontal. dredg. 
"In the he design of the Third Le Locks, a ‘similar slope problem v was encountered Lake 1 


in the excavation of an extensive e muck a area for ig construction of the agar Bin son 


& 


samples « of the material. The first tests on the muck were run quickly ; the 
Fs entire time of the, dest, after consolidation of the sample to overburden p pressure 


had been completed, was only from 10 min to 20 min. if It was later found that i 

lower results were obtained if f the tests w were run at a slower loading rate. - 4 AR. 

x critical loading r rate of 1.6 Ib | per sq in. p per 15 min was found to give the lowest 4¢ 
strengths and was adopted for all ‘subsequent tests. The duration of tests for § 
that loading rate’ varied from 60 min to 300 min. The results of these tests 
showed conclusively th that, independently o of the time of loading, the strength mY - 
of the muck depends « on the degree of consolidation of the material at the time =a 


of shearing. Thus, within any muck deposit, the strength of the muck is 
) greater at increasing depths, since the consolidating pressures increase with 
. _ Fig. 66 shows data from the final series of tests, made at the critical 


classi! 


loading rate, which ‘indicate the strength characteristies of the muck. .(Each 
circle in Fig. 66 represents one triaxial compression test on a sample consoli- a ; 
dated under pressures equal to or greater than the overburden loads and ‘then 
= loaded at the rate of 1. 6 lb per sq in. per 15 min to failure. )- In the Third § 


Locks: for in Atlantic muck to be cut by dredging and 


o cut below water apache the saturated weight of the muck above water a 
evel i is about 90 l d material is | 


u ft, whereas the weight of the subme e 
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for a: 

aes therefore, is dictated largely by the height of the top of the cut above. 
water. The dace adopted for use in the Gatun Locks area, where the top of oe 
muck was less than El. 10 and the total depth of cut was greater than 30 ft, oes 
was 1 vertical o on 2.5 horizontal. _ Such slopes” were actually cut during the 
period 1941 to 1945 and have remained stable since that time. 
_ A large part of the sea-level canal between the Atlantic entrance 4 and Barro 6 tee 
Colorado Island would require cuts in Atlantic muck which would be made by Be 
dredges operating on the present level of Gatun Lake. _ After lowering | Gatun oe, eet: 


‘Blake to sea level, the top of the muck banks would be exposed above water level, 


iD some areas as high as El. 35. Undisturbed ‘samples of the muck underlying — rs 


Gatun Lake were tested and found to have s strength approxi- 


One cross section for sea-level canal excavation in the 
lake area, ‘Fig. was to ‘meet et all conditions. This slope was ana- 


hig, 66, and the minimum factor of safety obtained was 1.3. The slope of ES 
tical on 2. 5 horizontal below water level results f rom the desire to maintain 2 as . 


slope | in the Gatun channel. The uniform | slope of 
tical on 10 horizontal above water level would simplify the tonto: ad 
amply safe elevations as high as El. 35. 


cha Atlantic muck formations were empirically. “These can 

‘classified into three groups: (1) Soft ee Culebra, La Boca, and Las 
seadas formations; (2) medium 

ks—the Gatun, Bohio, “and 

mimito formations; and (3) hard 

s—basalt, , the _Pedro Miguel 
omerate, and Obispo 
tions. Slides in these materials, _ 


Bere encountered in the existing DEPTH OF CUT IN FEET. H 


pal, were and usually Fie. 68.—ExcavaTion Scorn CurRvE, 

B The slope curve for the first. and weakest of the three groups is shown in ; 

, 68. This curve is based on recommendations made by Mr. MacDonald 
fon ex; experience with excavation i in n the Culebra formation. 


-COTANGENT 0 


or 
4 
” 
‘ed 
— 
— 
and — 
| more 
re 
pth 
water 


‘medium and hard rocks. ‘The two standards differ only in the verti- desig: 
interval between berms. The channel slope is 3 vertical on : 2 horizontal 
to 15. Above a ‘45-ft berm at this e elevation the slopes are 12 verticalon 


stand 

pon 300FT cur effect 

‘Fie. 69. Storz Basep on Stops Curve Fic. 68 T 


Considering stability only, it is possible that, : in any of the medium or hard 


a cs “rocks, vertical cuts as high as 500 ft would stan d without danger of major 
en failures. However, 1 rockfalls are always a possibility and would be particularly 
© dangerous during « construction. ay 45-ft berm at El. 15 is s provided to prevent re 


BASALT, AGGLOMERATE, AND Bas 


GATUN, BOHIO, AND CAIM 
ROCKS) 


ROCKS) ditioy 


‘Fie. 70. —EXcavation Stopes ror Hamp Rocks 
falling rock’ from reaching channel. The 25-ft berms above El. 
Channel Slopes.—The cross s section should hea as uniform as 
‘possible to provide the best navigation conditions. Rock slopes for a sea-level 
canal ‘designed only for ‘stability would vary from ‘12 vertical. on 1 ‘horizontal Fig, ' 
for hard rocks to as flat as 1 vertical on 9.4 horizontal for the Cucaracha for- #% mati 
d 


reduce this extreme variation for the benefit of navigation, the ; 
- slopes below El. 15 were modified as follows: In hard rocks, the channel slopes — 
would be 3 vertical on 2 horizontal; in Cucaracha and other soft rocks, : a channel 
- vertical on 1 horizontal would be used as indicated i in Fig. 65 and 69. 


great 
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1923 
— 


soft “material 


Large Baplosions —The effects of f large bomb in the vicinity of 
‘excavations: were not taken into account in the development of the slope-design — : 
standards described previously. Investigations were made, however, of the 
eect that large ‘explosions i in air and on or under the | ground might have upon > a 


the of slopes. Research was Harvard Uni niversity 


; satcally safe slope would probably not result i in 1 closure of the canal. From — 


present evidence, flattening the slopes beyond the requirements for Wintio 
therefore, is not believed to be necessary. 


Earthquake # azards.—According to information furnished by L. Don 
Near of Geology at Harvard University, landslides do not occur at distances _ 
greater than 50 miles: from the epicenter of the largest earthquakes known to 
have occurred, or at more than 20 miles from one as large as that in Ja japan ee 
1923, The computed accelerations which produced slides range from around 
0.59 to 0. 7 g. The earthquake history of the Isthmian region around the Canal 
Zone indicates that no serious ; danger exists of an earthquake large enough and 
near enough to place the Canal Zone within such a landslide radius. Thee 
we 
major active zone on record has been off the Los Santos peninsula, Beg 3) 
5 100 miles from Balboa. Absolute prediction, ¢ either positive o1 or negative, of ithe 
time and place of occurrence of earthquakes cannot be made. _ It is conclude tt ‘ 
from the study, however, that earthquake-induced landslides in cuts for the © 


“Panama Canal would be improbable; therefore, no allowance for r earthquake Ee 


pes. 


or 


nde “previously ;for, excavation slopes under con 


ditions of static loading are ‘sufficiently detailed for quantity estimating and ra 
construction planning purposes. | The application of these standards to the 3 
4-mile section of a sea-level canal through the Continental Divide north of 
‘Pedro Miguel is ‘illustrated i in ‘Fig. 71. _ Approximately 30% of the total re- 


‘quired excavation i is ‘concentrated i in this area.” This § section: of the canal would 


the development. of the. standards illustrated by the ‘slopes shown ir 
Fig. 71, ‘minimum strength values have been used for each of the geologic for- 
“mations encountered. ‘Before actual construction of a sea-level canal, ‘more 
detailed geologic data would be available, and the slopes would be modified to 
take advantage > of stronger phases of some formations. Iti is believed that tany 


modification would result i in a reduction of excavation ‘quantities 
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_ Although large slides oceurred during and following aaa of the 


rese ent Panama Canal, major ‘slides would be prevented in the proposed 


anama sea-level canal ‘by. excavating t the to the proper 


analytical methods and the testing employed for the design of safe 
slopes conform with ‘established ‘methods that had not been developed when the 
onal was constructed. Studies of the slides that occurred during 


canal construction \ were of value in . the design of stable slopes for the Cucaracha 


by dynamic forces from 


to cause closure of the canal, 


iii 
iii 
 - 
loads 
design standards presented in this paper are considere 7 
Any slides that might bP 
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BY ASCE, AND Ww. L. SHANNON. 
This | paper. describes apparatus developed and results of tests performed — 
to investigate th the of soils and d soft rocks und under 


In connection with studies of the stability 


of slopes under ‘the effects 


loading are being conducted at Harvard University for 
Panama Canal. 


= 


‘This investigation is ‘expected also to benefit other engineering problems 
in which soil is subjected to dynamic loading, such as the effects of earthquakes 
on dams and their foundations, or the effects of transient loading by fast moving 
on airfield and highway pavements and the underlying ‘materials. 
~ Conventional strength tests on soils are either unconfined compression, or 
triaxial compression, or direct-shear tests. _ Any of these tests can be performed 


vith either a controlled stress or a controlled strain loading apparatus. Load- 
‘ing of t the specimen ins such tests is performed over a period o of at least eves 
‘minutes. tests will be. referred to herein as ‘static strength tests, to dis- 
‘tinguish them from the dynamic tests described in this paper. 
. & It has song recognized that the strength of soil increases as the rate of load- — 
: ing increases. For example, i in connection with the design of the third locks 


for The Panama ‘Canal, a series: of triaxial compression 1 tests 1 was 8 conducted to a 


“within a a range of from 1.7 min to more than v. hours. — These tests indicated that 2 
the strength at the fastest rate of loading was about 40% greater than that at 
the slowest rate. D. W. Taylor,® Assoc. M. _ ASCE, investigated the strength 
of a clay that was remolded at the liquid limit ‘end then consolidated under 
4.29 kg per sq. em. P Failure was produced within the Tange of from 4 4 min to 
Sdays. 1] In these tests the strength of f specimens that v were re loaded to failure 


mB at various rates of strain. ks One e comprehensive series of tension tests was per- 


formed by M. J. Manjoine® | on a mild steel within the range of from 1 X 10- sie: 
Prof. of Soil and Foundation Eng., Graduate School of Eng., Harvard Cambridge, 


Research Associate i in Seil Mechanica, Graduate School of Eng., Harvard Univ., Mass. 


‘Wy ®“Progress Report on Triaxial Shear Research and Pressure Distribution Studies on Soils,” U. S. 
Merways Experiment Station, Vicksburg, Miss., April, 1947,p.95. 


J “Influence of Rate of Strain and Temperature on Yield Stresses of — ag by M. J. Manjoine, 
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strain per sec to 1 X 10*8 strain | per sec, a range of time 


necessary to reach the ultimate ‘strength of approximately 2.3 days" to 0. 0002 the ti 


sec. The ultimate strength of specimens tested in the. shortest tithe was found the fs 
ae to be about 50% greater than that of specimens | 5 poe 


consul 


t 


loads applied and the — deformations of test specimens 


Loaps 


La Manually or motor driven. ae 
_ drum, producing constant — 
slow rate of piston speed © 


PENDULUM ‘APPARATUS fy (b) MODIFICATION To PENDULUM 


LEGEND 


The type of loading desired was a transient load 


in which the deat: specimen is ‘subjected to’ a rapid loading and unloading, 
_ Simulating the effect of the f first stress wave created by an explosion. Asa 
criterion for the speed of load application, it was ‘found convenient to define 


hese apparatus woulc 
ized that none of 
ae the writers realized 
suited for this inv 
i 
i. Shie 
to the p 
ep 
lected 
Bester: The: 


PANAMA 
the the difference in time the beginning of testand 


the time at which the maximum compressive § stress is reached. a The. value for ee 4 
the f fastest time of loading for | use in this investigation was determined in in 


consultants to The Panama Canal. 


The time for the slowest loading by the desire to overlap 


with the fastest loading time used in static strength tests. 


fe Three different types of apparatus for applying transient loads in triaxial ae 
compression and unconfined compression tests were developed ‘simultaneo 


LEGEND 
er hydraulic cinder and 


2. 2 Shielded to deformation 

3, gage 

4 Tilting cap 

5. Reaction for delormation gage 
§. Unconfined compression specimen, 


I. 1. Shielded sable to load gage 


-Transrent Compression Test 
B since it was not certain w what sesttiod of load application would be best suited 133 
to to this investigation. finally w was found that all three types were needed be- 


cause they supplemented one another i in the re range of time of loading for which ee 4 


Pendulum Loading Apparatus. 72 and +73 show a diagram and 
thotograph of the pendulum loading apparatus which utilizes the energy of a 


that is released from a selected height and strikes a spring gomnected 
to the piston rod of a 3-in. bore cylinder. _ ‘This lower cylinder, in turn, is con “a i. 
leeted hydraulically to an upper cylinder of the same bore, which is 
vithin a a loading frame. Rig. 74 isa detailed view of the loading frame of the Ae 


- The time of loading for which this apparatus was found best wuited ranges 
0.01 sec 0. 05 sec. 
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ohio the unconfined compression test apparatus of the ‘ ‘universal soil inal 
ing machine’’® for the of a transient load. The apparatus con- 
weight and rider, a dashpot to 

control the velocity of the fall of 

“the beam, and a yoke for trans- 
mitting: the load from the beam 
the specimen. A small beam 

mounted above the yoke ci counter- 
balances the we eight of the beam. 
This apparatus was found to be 
suited for a relatively long time of 
loading, ranging from 0.5 sec to 
The loading apparatus: 
76 and 7 consists 


-draulic pump connected to a hy- 
draulic cylinder through valves by 


THREE POSITION ‘SELECTOR 
(wiTtH P TO A,B 
CONNECTED TO T AND CONSTANT FLOW BETWEEN 
vice VERSA; WITH P TO T, oe é $ AND 4250 CU. IN PER 

> PRESSURE) 


‘FLOW CONTROL VALVES 
(VALVES WILL MAINTAIN A 


MAY BE QUICKLY 
8Y MANUAL CONTROL 
BETWEEN 10 AND 1000 
(£8. PER SQ 


VANE - TYPE HYDRAULIC 
PUMP 1000 LB. 
$Q.1N. 3.5 GPM 


5 MOTOR 
220V A-C 
1200 RPM 


Mae 


£ 


OSITION HYDRAULIC CYLINDER 
IN. BORE, 3 IN. STROKE 

(USED To APPLY LOAD TO 
PISTON OF TRIAXIAL 

COMPRESSION 


2 —&**Recent Developments in Soil Testing Apparatus,” by P. C. Rutledge, in _— oe 
Mechanics 1925-1940,” Boston Soc. of Civ. Engrs., Boston, Mass., 1940, pp. 
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time of loading between 0.05 sec and any y desired slow loading. a ie 


This apparatus is used for testing soft — aie the — Zone with a 
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ie 


Point 


motor which is behind 8 Cables from load and 


selector valve sure. chamber) leading 


Handle of pressure regulator pore recording instruments 


9 
ae operated by electric motor Test specimen inside trans- 
«Oil reservoir ave = parent pressure chamber 


The Fairbanks Scale Looting Apparatus —This. “consists of 


Yentional 500-lb_ Fairbanks platform scale equipped with a loading yoke and 
a mechanical jack. It is used extensively in performing soil tests with stress = : 


Fig. on Mechanics and June, ve. Il, PP. 85-97, 
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Conk rence on Soll Laboratory at Harvard University,”’ by P. C. Rutledge Proceedings, Inter 
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The H Loading Apparatus. —This essentially 0 of ‘the 
— two hydraulic cylinders of the pendulum. apparatus | and a motor-driven drum 
_ and lever with which the travel of both hydraulic pistons” can be controlled © 


ae 


ic testing. One of these i is a vacuum type 
The vacuum n type of apparatus is limited to 


Fitting to replenish castor 
oil in piston 


with 


— Piston 


— Loading piston 


= 


Saran 


(pressure inlet j 


bias 

Fre. 79.—PHOTOGRAPH OF TRIAXIAL 


tests on arya 


stress up to about 6 kg per sq cm. 
gfe oan Figs. 72, 73, ‘and 74 show the pendulum apparatus assembled for unconfined — 
compression tests; and shows the falling beam apparatus ‘@milarly 


8a‘*Progress Report on Triaxial Shear and Pressure Distributio on 


aratus use 80; 
three are compression type: 
Test specimen | =. 
7 


~ several months of intensive work were required to develop suitable load and 


i deformation gages. To measure and record rapidly changing loads and defor- . 


mations, metal-electric (SR-4) strain ¢ gages s with « companion strain it indicators 
and _ oscillographs were found most suitable, | in part because such equipment — 
was readily available. A brief description of this instrumentation 
a Load Gage.—For measuring load, a load gage of rectangular or cylindrical Pm 
shape i is used, with four metal-electric (SR-4) strain ; gages mounted on the ine 


side face. - (The irregular mass on the interior surfaces of the load gage in Fig gc 


is wax placed there for the protection of the SR-4 Load ad gages 
also shown in Figs. 72,74, 75,78,and79. inte 4 
Deformation Gage. —For Measuring deformation, th thin flexible steel spring 
eantilever is used (Fig. 81) with metal- electric (SR-4) strain ga gages ‘mounted on 7 


the cantilever, the base of which is ‘clamped to —w loading piston.  Thetipof — 
the cantilever reacts against an adjustable screw which is mounted on the head 
plate of the triaxial compression apparatus. Deformation gages are also shown” 
in Figs. 72, 74, 75, 78, and 79. ey . 


cr Recording Apparatus. —Equipment for amplifying and recording the signal» 


lato, a power supply, and oscillographs. The strain indicators contain two 
arms of a Wheatstone bridge. and a carrier type . amplifier. The other two arms” 
ot the ihe Wheatstone bridge a are the SR- 4 strain gages on the load or deformation 


Static and transient. tests have been performed ¢ to date 


} a glacial Raviel and eonteind ‘only ‘the fraction between 
0.42 mm and 0. 21m mn It consists principally of suban gular quartz grains, and 


A Indicator,” by Ww. Cook, No.6 David Taylor Model Basin, 
USN Navy, Washington, D. C., November, 1 1946. 
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(2) ass.) Clay —This is a medium soft, inorganic clay, with 
occasional thin silt partings, brittle in the undisturbed state and soft and sticky — 

when remolded. Its natural water content ranges f from 30% to 50%. For layers 
4 2% of this clay having a natural water content of from 40% to 50%, the liquid limit 
oy was found to range from 44 to 59 and the plastic limit from 21 to 27. For 
layers of this clay having a natural water content of from 30% to 40%, the liquid © 

: : limit was found to range from 37 to 44 and the plastic limit from 20 to 23. *: 
a Boston (Mass. ) rap: -—This i is similar, geologically a1 and in n its : appearance, 

- to the Cambridge clay. - ‘The samples tested had a natural water content be- 7 

tween 32% and 36%, an average liquid limit of 42 and | a plastic limit of 20. 7 


(4) Stockton (Calif.) Clay: —This is a tough, brown ¢ clay, locally called adobe 


pavement test™ was s conducted, and was about 90% saturated, with 7 
natural water content of about 25%, liquid limit of from 60 to 64, a 
plastic | limit of from 20 to 23. 
(6) Atlantic Muck (Canal Zone) .— —This i is an organic clay, having nat 
ural water content ranging between 50% and 135%, a liquid limit of from 
we ion 55 to 95, and a plastic limit of from 30 to 55. _ The samples tested were obtained — 
ie in 3-in. . diameter, thin-walled tubes from a boring jae a natural deposit lo located 
(6) Cucaracha Shale (Canal Zone) —This i is a slickensided 
samples tested were obtained from core borings in the Cucaracha formation 


located in the vicinity of the Gaillard Cut, Panama Canal. 


Details of Testing.— —The Cambridge and Boston clays we were tested both i in 


unconfined compression and in t triaxial compression, whereas the Si Stockton 
clay v was tested in triaxial compression only. Cucaracha specimens were tested 
a in triaxial compression and Atlantic muck in 1 unconfined compression. . Man- 
a6 chester sand was tested in the dense state, dry, i ina 4 Vacuum-type 2 triaxial c com- 
— Most unconfined c compression test specimens of Cambridge clay were 6.3 
em square and about 16 cm high; all triaxial sega shan test specimens of clay 


( 


a 
a 
x 
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ry 
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~“consolidated-quick. triaxial compression ‘test is one in 
ae is no preliminary consolidation and no drainage of pore water during the 
= x) A consolidated-quick triaxial compression test is one in which the speci- 
men. is allowed to consolidate under a hydrostatic pressure, but, during the 
~ subsequent quick axial loading, there is practically no drainage of pore water. 

A detailed discussion of these types of tests appears elsewhere. $= 


&**Flexible Pavement Test Section for 300,000-Lb. Air lanes, Stockton, California, by Ralph A. 
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ae specimens of Atlantic muck were hale were 5 cm in diameter and 12 § .- 
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The triaxial compression test specimens were surrounded by two rubber 
membranes, each averaging , approximately | 0.05 mm thick. % Specimens of clay 
and Cucaracha shale for consolidated- d-quick triaxial | compression tests were 7 
| consolidated under a lateral pressure of either 3 kg per cm? or 6 kg per cm? be- 
fore axial compression was started. Manchester sand specimens | were tested 
under a lateral pressure of 0.3 kg per cm? and 0.9 kg per em Ne 


ay = 


Two” procedures for performing transient compression. tests were used, 


Controlled Impulse Method.—The specimen is subjected to a controlled 


impulse. The peak load exerted on the test specimen and its deformation “ “, ec 


depend on the stress-deformation and strength characteristics of the specimen. 


Typical stress-time and strain-time diagrams for an unconfined transient a: 


pression test on clay, using the controlled 1 impulse method, are shown nin Fig. 82. ve, 
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Fra. 82. | Curves ror Srruss aNp STRAIN; 


i hich j is maintained approximately constant from the beginning of the test to ae, 

the desired maximum strain. The peak load exerted on the Specimen and 


ime of loading on the stress-deformation and 


presentative results of a transient and a compression | 
‘st on Cambridge clay are shown I in Figs. . 82, 83, and 84. ‘Figs. 82 and 83 are ES 


ime curves for stress and strain and Fig. 84 shows the stress-strain | curves. 
(The a points shown in Fig. 83 
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All compression (of C C: abridge clay failed one 


are orn more clearly visible shear ar planes. To measure t the slope of the shear planes, | 


a seven transient tests, ;, with a time of loading of about 0.02 se sec, and four static 
ie tests were so conducted that loading was stopped as soon after ve shear “— 
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—Srress-StrRaAIn CuRVES;: UNCONFINED CoMPRESSION TESTS ON CAMBRIDGE 


appeared | as owas technically possible. ‘The strain at the end of these tests 
ranged between 2% and 3% and it is believed that the distortion of the sheat 
ie planes i in these tests was negligible. — _ The angles | between the shear planes s and 


< the horizontal (plane of 1 major principal stress) w were . carefully measured to deter 


and fast transient — 
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Fig. 85.—Srress-Strain CurRvES FOR TRANSIENT AND SraTic TRIAXIAL 


Tests (CoNsOLIDATED-QuiIcK) ON CucARACHA SHALE 
(os =6 Ka Per SqCm) 


Static test (time of | 
> 150 sec) Shear failure 
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shale are shown in Fig. 85. 
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This material failed along | ‘one or 


defined sh shear from 35° ‘to 65°. the position 
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“Fra. 87. Curves For TRANSIENT AND 


Static test (time of —~ 
loading 2100 sec) 


Shear failure 
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0.75 
Stress, in 


Kg per Sq Cm 


KG PER SQ.CM 


UM COMPRESSIVE 


MAXIM 


phases of the Cucaracha shale. 
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Both represent 


a strong phase of Cucaracha shale. San The points shown for the transient test 


were taken from a continuous oscillograph record. 
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or - clearly | defined shear planes sloping about 50°. Some specimens failed _— : 


‘Stress-strain curves for a transient and a static vacuum- type triaxial com- 
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F 10. 89. —Tataxtat ‘CoMPRESSION on CAMBRIDGE Cuar 


TIME OF LOADING SECONDS: 


“(Vow R Ratio = eg = 0. 620; Vacuum Pressure —Py = 0.30 Ka per Ba Cu) 4 
ere performed in vacuum-type triaxial compression apparatus on hin: 
| 
tad (e = 0.61). _ The points shown for the transient test were taken from the 


tatinuous oscillograph a Failure of of all ‘specimens was by bulging with 


| 
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pression test on Manchester sand are shown in Fig. Both of these tests 
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‘The relation between compressive loading for a given 
| is deter mined a series and transient tests. 
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. 


Static tests +— || 


Average time of 
loading 222 sec \ 


Transient tests” 
Average time of 


Ber 0. 02 sec 
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Depth Below Ground Surface, i 
4 


91.—ComPressive STRENGTH Vursvs Time or Loapine ror Aut Tzst SERIEs on Chay ra 
i is a summar sheet s showing the relationship s between compressive 
P 
i strength and time of loading as s obtained from all the tests on clays performed ie 
to the time this paper was An explanatory legend 9lis Me 
test? 
Cambridge clay which was (Cambridge clay which was slowly) 2 
dried to slightly higher than Unconfined compression 


{die fro clay which was || 


dried from its natural water con- compression 


Cambridge chy Consolidated-quick triaxial 


k 
=) 

slidated-quick triaxial com- 
‘onsolida -quic riaxial com- 
Cambridge clay \ pression a= 6 kg ‘per emt 

onsolidated-quick triaxial com- 
Cambridge clay { =6 kg per ¢ cm? 


dried from its natural water con- Unconfined compression 
is || tent of about 47% to about 37% 
= 


HP-7 aN Stockton clay triaxial ¢ compression o: a= 3\ 


k 


2 uick triaxial compression ¢3 = 6 99 


__ @ All specimens were tested undisturbed. _ b For curves Nos. 1 to 6, the specimens were reduced in water 
content from their original by consolidation or — an For curves Nos. 7 to 11, the specimens were tested 
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Modulus of Deformation -—The original p purpose of the in 


‘For he w 


= 
was about twice e the 10-min static strength. ‘The ratio between these two values — = 


appears to decrease with i increasing strength of the material. 7 For the strongest _ ry. 
days: included in Fig. 91, the fast transient tests showed a , strength that was 


only about 50% greater ‘ion the 10-min static strength. Sufficient data are a adi 


not available to plot the corresponding relationships for Cucaracha shale and a bad 
_ The s stress-strain curves for Cucaracha shale in Fig. 85 | indicate that the 


strength in a transient test, with a time of loading of 0.05 sec, is about oe 
greater than that for a 10-min static test. 
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Fia. 92. —Unconrnvep Compression TESTS ON 


Ee esults of unconfined ec 


in Table 32. Fig. 92 shows profiles of saad for two sample tubes. These — 
tests indicate that the transient strength for a time of loading of about 0.02 w 


is about twice the 10-min static strength. 


inlude the determination of the stress-deformation characteristics. 
‘fore, precise measurements of the deformation at small loads in senaabeas tests. oe 


lave yet been ‘made. However, all tests have been analyzed as well as 
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stress of one half of the strength, 


of time of loading on the initial ving oa of the me information regard curve as repre- 


by the modulus of deformation. the purpose of this investigation, 


—RESULTS ‘or Unconrinen CoMPRESSION Tests 
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Water content* 
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* Water contents are average values for the static ond transient tests for which the strength 


Aa in the same horizontal column. 


+ Time of loading ra 


shown approximately 0.02 sec. 


x Recording instruments fail 


ng between 3 min and 9 min. — 


‘values are | 


Time of 


to function satisfactorily. 


as origin through ‘the point on the stress- -deformation curve e corresponding to 8 

order of of the modulus of deformation, as obtained from 
d in 


_ modulus of deformation is defined as the ‘slope of a line dr mene from = 


— 
iii ih 
— 
load 
twice 


. 


Table 33, it is concluded tentatively that, for these cohesive materials, 
the modulus of defromation for fast transient loading i is about twice the value 


for 10-min static loading. 


_AVER AGE” VALUES OF Mopvivs 


(Unconfined compression 
| aie triaxial 

Boston clay. . Quick triaxial 
Atlantic muck . Uneonfined compeension 


As can be noted i in Figs. 82 to 86, the slope | of the stress-strain curves for 
transient tests appears to be almost constant to 50% of the failure load. ire’ he 
Hence, the order of magnitude of the modulus of deformation for r transient 
tests 3 is independent of the : stress, provided a reference stress of no not more a 
one half of the compressive strength is selected. _ For this reason the ratio of 
the moduli for transient and static tests would remain about the same, even if — 


the reference stress for a transient test is assumed mesial to one half a = cate 


biiniodet in n transient tests a as in static tests, ai as shown by the nearly idéntical “ee q 
slopes of the stress-strain curves, Fig. 87. 48 
Conctusions 
is p can summar as fellows: 


(1) The strength of the clays and the Cucaracha shale loaded to failure in = ae > 
about 0. 02 sec was found to be between 1.5 and 2.0 times greater than their is a A 
(2) strength of sand increases only slightly with decreasing | time of 
lading. The strength for the fastest time of loading (0.02 sec) was about 10% Pie “ ag 
‘eater than that for 10-min static tests. - 

_ (3) The modulus of deformation of clay and Cucaracha shale for fast tran- - 

sient tests (time of loading about 0.02 sec) was found to. be 
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| For pu purposes of construction on planning and es estimates, the bulk of the dry 

excavation would be performed by large > shovels or draglines | of at least 25-cu-yd 
B capacity, loading directly into dump scows which would haul the spoil to dis- “a 

posal areas in Gatun Lake. _ The wet excavation would be > performed | by cess 

ventional dredges by special hydraulic: and bucket-ladder dredges 

capable of dredging to a depth of 145 ft below water surface. a These methods ww : 

of dry « excavation er wet excavation are t the most feasible and economical, : 

‘and can be | adapted most ‘readily to the over-all ‘project. 


= 


4 
*** [and] study a canal or canals at other locations 
Compliance with Public Law ‘No. 280 required in initially the following studies: 


Selection of general and estimating methods to 
obtain | approximate a and comparable e estimates of cost for the many cé canal routes 
to select the routes offering the best possibilities for development; and - 
pe 2D Determination of the most practicable construction on procedures and 
equipment, and preparation of detailed and dependable comparative estimates 
of costs of canal plans, to in the of route and type 


of canal. ¥ 


‘These led to the the sea-level canal on as = 
‘nost economical means of i increasing capacity and security to meet the future x, 


eds 0 on interoceanic commerce and national defense. After the selection of z 


@ 

*Chf., Planning Ene. D Div., The Panama Canal, Diablo Heights, 
Z Zone, 


—"Chf., Dredging Section, Special Eng. Div., The Paneme Canal, Diablo Heights, Canal Sens. xpi 
®Chf., Dry Excavation Section, Special Eng. Div., The Panama Canal, Diablo Heights, Canal Zone. 
nC, Estimates ‘Section, Special Eng. Div., The Panama Canal, Diablo Heights, Canal Zone. gis 


> 
i METHODS 
bers 
and ‘The principal construction features of the proposed Panama sea-level canal 
are described in this paper, including the various plans for the conversion of 
ined existing lock canal to sea level, and the construction methods on which the “ 
Conversion of the existing canal to sea level in a single stage by deep dredg- 

a ing is preferable to conversion by stage dredging because it would be 

— 
a 


> 


evel canal at Panama, more detailed onibention tatien and estimates 


The main features of these studies were: 
he (1) Investigation o of “lhew and nd special equipment for converting the the Panama 


N= 


(2) Investigation of the major co construction problems in executing 
— the recommended plan « of converting the present Panama Canal to sea level ina 


single stage by the ‘“‘deep-dredging” ff 
Fort the > initial construction studies under Public Law No. 280, thirty possi- 
_ ble routes or alinements (Fig. 6) were examined, of which eight were found on 
E map inspection and, in some cases, on field reconnaissance, to offer the best 
possibilities for development. — Cost estimates for the more favorable of the 
-gea-level and lock canals on 1 eight routes were prepared by using excavation 
quantities obtained from center-line map profiles and, in each case, approximate 
classifications of ' materials. _ Detailed investigations were n made of the problems 


sae ee in the construction of both : a lock canal and a sea-level canal in the 


in construction procedures were prepared for use in ‘comparative analyst 
4 ‘Unit costs for excavation were those developed for the Panama route. - Costs 
: _of structures, such as locks, were developed for each route ont the t basis. of height 
or lift, ‘using the cost of locks at Panama as the estimating standard. As shown 
by Tables 1 and 2, the Panama route is the most economical for ‘both @ sea- 


Tevel canal and a lock « canal. 


Bh rng of the Parfama sea-level canal are described in this paper. __ 


the canal are shown i in ‘Fig. 7. "The total length of the canal from hoe water 


in the Atlantic to deep water in the Pacific would be approximately 46 miles. 


“would be eliminated and tangata lengthened to meet navigation requirements 
The sea-level canal alinement would be contiguous to the present canal in 
7 the section of deep cut through | the Continental Divide and would permit the 
os removal of a , large part of the required rock excavation more economically by, 
= methods. The alinement would utilize the excavation accomplished for 
_ the Third Locks structures and the approach channels at Miraflores and Gatun. 


The total required excavation is ‘approximately. 1,070,000, 000 cu yd, of which 


a for: the removal of the remaining . 320, 000, 000 cu yd. For comparison, the 
i: il ccusar excavation by the United States to complete the existing canal totaled 


eee ta 750, 000, 000 cu yd could be excavated i in the dry. Dredging \ would be required Z 


approximately 120,000,000 cu yd of wet and 125 000, 000 cu ydo of dry. . The i 


depth, with a total depth: below mean sea level varying uniformly from 60 
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total wale: excavation, that done the French, was ap- 
._ The m maximum depth of cut to be excavated would be 650 ft; however, the 7 


‘length of canal at thi this depth would be less than } mile. Approximately 3} miles * a 


ue of canal would be in cut deeper than 300 ft; 7 miles, in cut between 200 ft and y 

laa 300 ft; 9 miles, in cut between 100 ft and 200 ft; and the remaining 26 miles, in __ " 

5 cut less than 100 ft deep. Of this 26 miles, 10 miles would be in a muck for- 5 _ g 


mation, a soft overburden — in which the maximum depth of cut would = at 


don For convenience in liaise g and for facilitating orderly co completion o of the .- 


best excavation, the ¢ channel excavation has been divided | into ten parts. 
the: material to be excavated has been classified into the following four types 


ution according to the Telative difficulties of excavation: Common, soft rock, ‘medium. 
mate rock, and hard rock, as shown in Table 34. e ‘The linear distribution of the mF —. 


~ 
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PACIFIC 


miles 
curves SrRucTURAL 


nit the Lyd of excavation 1,800,000 cu yd of concrete. The construction of thées 


ally by, ‘structures wot would involve only conventional methods. 
ned for Flood-Control_ Structures. —The flood- control structures consist 
which 
on, the Housing and Facilities for Construction Workers.—The Canal Zone 
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health facilities, schools, fire and police protection, and other facilities would — 
have to be provided for the e expanded | population of the Canal oe ane 
canal construction. Housing and other facilities would be largely temporary 


in character but certain permanent construction would be performed to re- 


place ¢ existing housing and other facilities w Ww vhich date back to the early 1900's Ss 


farious programs of evaluated, and it was determined 

that a 10-year construction program. to convert the e existing canal to sea a 

would be the most fav orable. A. shorter program would result in less oo 

nomical use of special plant f for r dry and wet excavation and would require more 
housing. longer “program would probably result in somewhat lesser costs, 


but wo ould delay the fulfilment of the of national defense. 


Year 


318,746 
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Personnel 


Ls 


Hard columnar-jointed basalt 


‘Skid and personnel we would be. be obtained iin United St ; 
The unskilled employees would be largely indigenous to the ‘Caribbean area. [3 
Contracts with skilled and unskilled labor would include payment of trans-— hoe 


portation from the place of ‘recruitment and return, Transportation of gov ern- 

Rent workers’ families and household furnishings would be p provided. The 


ers 
— 
a 
— 
i — 
8 
— 
i 
= 
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concrete aggregates may be obtained from alluvial deposits 
: eae of ‘sand and gravel i in the Chagres River or from basaltic rocks from the channel § 8 
excavation. Local sou sources for cement, steel, and lumber are e not adequate, 
th these items would b be obtained from the United The large volumes 
excavation n throughout the entire length of canal and transpor 
drec 


Bpvs available adequate and economical embankment materials for earth dam 


: ne The method of dibs the } present canal to sea level has a direct effect 
. on the method of excavation; and, in tun turn, the various possibilities of ‘perform-— | 


? ing the exeavation have a direct bearing. on the selection of the method of con- 


— all previous st ous studies of f plans for r effecting the conversion of the present 


col 


é 
one ae, seven stages of lo lowering were planned; in others, three stages were 
selected. Stage lowering would require progressive alteration of the existing ‘the 
locks so that traffic co could be accepted at at all stages of tl the lake. program on 
: ie 4 would involve certain risks to shipping a and to the canal if auxiliary c conversion ar 
it locks were not built, since only one lane of locks would be open to traffic ata “ble 
time while the other was being modified to accept traffic at the next lower pom 
as <a the current studies it was found that stage conversion could best be pom 
f . lia by lowering the lake in three : stages—from El. 85 to El. 54 (the eleva ry 
Bean: tion of Miraflores Lake), from El. 54 to El. 22, and from El. 22 to sea level. : 
i Rk For this plan of. conversion, equipment would be required capable of dredging iy 
3 to depths of 72 ft, a not uncommon depth of excavation. It was concluded oper 


that the risk in 1 depending on one lane of locks during conversion “was not (El 


warranted and that continuous operation of two lanes of locks would be essen- 

tial. Consideration was first given to the use of a third lane of locks, 
al 2 planned in earlier studies, constructed to full summit height (El. 85) to gael an 
t this serious handicap to the stage conversion plan. _ However, it was 
im ae determined later that the three-stage lowering plan made it practicable and tp r 

economical to construct the special two-lane,  single-lift conversion | locks, “final 

EL. 54, at Miraflores ‘and at Gatun. conversion locks would have a lower the | 

and would be no more costly than would the alternate plan involving 


third single-lane, high-lift lock at each end of the e existing lock sites and the ; “woul 


conversion of the existing locks. The conversion locks would have upper sills 


tm at a low elevation to permit the transit of ships at each successive stage 0 
ears lowering below El. 54. In this plan the existing locks would be abandoned - barr; 
a when Gatun Lake | was | lowered to El. 54, and the temporary conversion locks ee 


at “tea and Miraflores would then be. placed i follo 

ag a. Conversion locks would be required | and would add ciety to the 


Ap 
— 
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+! b. All dry e excavation, approximately 750,000,000 cu yd of the total of more 
‘gan 1,000,000,000 cu yd, would have to be excavated prior to the initial lower- - ae 


ing of Gatun ‘Lake (thus r requiring a minimum 1 construction | program of 15 


Traffic: in ste canal would be interrupted during the drawdown for 


da Part. of the material dredged during the 1e second aids and all the material a 
dredged during the final stage would require locking» to sea for disposal, be- a 
cause the drawdown would. prevent using Gatun Lake as a spoil area, and us use _ 
of the locks for this purpose would interfere with canal (Approximately 
55, 000,000 cu yd would have to be transported tosea.) 


The lowering of Gatun Lake for the final stages would the storage 
area to such an extent that pumping of lockage water would be required. _ nan 


by E. LE. Abbott for conversion by deep, dredging led toa an in- 

vestigation | of the possibilities of adapting or developing dr dredging at eel - 
so that all wet excavation could be performed in advance of the lowering of 


a" 


gation indicated such a 

method would be entirely feasi- 

ble. Drilling, blasting, and ex- | 

to depths of 145 ft 

; below the surface of Gatun Lake RN 
would be “required to provide 


operating levels of Gatun Lake 
(El. 85) and Miraflores Lake 
during the entire period of ex- AR “ z 
cavation of the canal. The level. 
of Gatun Lake would be dropped 
to El. 81 a short time prior to — | 
final lowering to permit placing 
the flood-control system of the 
canal in operation. ‘The canal CROSS-SECTION 
for about 7 days, during which 


the lakes would be lowered to sea and the would be cleared of the 


barriers used to Tetain Gatun and Miraflores lakes during excavation. eS 7a 
The barriers or channel plugs used to retain the lakes would consist of 
following: (1) A natural rock barrier across the sea-level channel on the north — 

- shore of Gatun Lake (Fig. 95); onsite rock barrier rin the se sea-level channel. 
Gatun ane Mirafl 
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gs at Gatun and Pedro be 
= progre: by and dredging during the 7 days that Gatun dam, 
ae Lake was being lowered . The temporary steel dam in the approach to the Lake. 
_ tidal lock would be removed i in sections by derricks w hen the water j in the al oP the cc 


GABLE TO 


vert 


Gatun Conversion Plug. —The Gatun conversion of 
"gan (Fig. 95). The bedding of this formation is massive, and the infre uent near-— 
vertical joint planes a are tight. The lake ‘approach to the Gatun plug would be 


_ excavated by deep- dredging methods, but the immediate face of the plug would 
be carefully formed by line and light blasting. The J Atlantic approach 


Ag 


about 20 ft of the face. entire mass of the rock plug would be prepared 
blasting and final by drilling vertical holes in a 5-ft pattern 
‘fee to El. — 50. “s Initially, the lake would be lowered through the flood- control 
spillways and the lock culverts. Later the tunnel outlets in the rock plug 
Sars would be opened by blasting, using drill holes from the top of the plug f for load- 
e4 fare ing and firing, and finally the entire 1 remaining mass of the plug would be 
Pedro Miguel Conversion Plug. —The Pe Miguel ¢ conversion plug would be 
i ae generally similar to that at Gatun i" would be located 1 near the upper ap- 
proach to the existing Pedro ‘Miguel. Locks (Fig. 96). It would be placed as 
- elose to Miraflores Lake as sound rock permits, to reduce the volume of channel : 


oe excavation —- to be transported | through the Miraflores Locks for dis 


would be tunneled i in the plug downstream side of the plug to within 


posal at sea. agglomerate of which this plug is composed i is a relatively 


impervious ‘sale massively jointed. . Any leakage. through material 
as one type w would occur along joints or fracture ‘planes, and the condition would be- 
¥ a come evident during the progress of excavation. ‘e ‘Grouting and sealing of the 
oe - upstream side would be undertaken if found necessar y. During the lowering a 


the lake, the ping be removed progressively in a@ manner similar to 


\ approa 
to com 
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Lake. The removal of the the of the channel 

the cofferdam that could n not be done until drawdown of the lake had been 4 

7 completed would not be accomplished a as rapidly as the removal of the Gatun ee 
“1 and Miraflores plugs, and traffic would be suspended for | a , longer period. © - 
Therefore, a temporary steel dam i is planned in the north approach tothe tidal 
lock, illustrated in Fig. 97, which would | be capable of holding Miraflores: 


+ 
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MAINTAIN SURFACE 
TO EL.150 WHILE LORES 


ST 25- 2a? 06. 
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1G. 97. TEMPORARY Dam in TrpaL Locx “= 


ug 

id- iy lake at its present elevation. It would be constructed i in the > completed lock ck 

* i = above the upp upper gates prior to the removal of the construction coffer- 

a fam. Short se sections of earth embankments extending to high ground, with | 

be, mporary concrete-r retaining a abutments on the lock walls, would be required 
a 0 complete the closure. The. dam would be constructed in a manner permit- 


fe tig rapid disconnection ‘and removal of individual sections in 1 day by tw 


Advantages of Deep-Dredging Plan.—The principal advantage of the deep- 
id ly iredging method of excavation over the stage-dredging plan is in the sa saving ee 

te of lock conversion costs. Also, the > deep-dredging plan permits f fulluse of the 


g Gatun Lake area. for deposit of all excavation spoil, with corresponding coving 
excavation costs. Using Gatun Lake for the hauling of excavated materials ~ 
would make it possible to construct the Cafio Quebrado, Trinidad, and Monte © f 
lirio flood-control dams with greater facility and at less cost. _ This plan would 
iso result in less interference with canal traffic and would save about 5 years — 


.—The upstream arm o 
9) 
f the construction coffer- 
= 
te 


= 

The net saving of the deep- dredging plan over the stage- -dredging plan is_ 


of the lock canal to a sea-level canal would” 
ow require e the excavation in the. dry o of 750,000,000 cu yd of material, practically | 
ay all being betwe een miles 21 and 24 and miles 27 and 36, Fig. 93. _ Considering | 

the character and the volume of material to be removed, the nature of the terrain 

in this area, and the accessibility of spoil areas, it is evident that various types _ 
a equipment could be employed i in the excavation and 1 removal of material. 4 
Operation Phases—The most suitable method of excavation is that which 
hes the widest general application and which results i in the least cost for re- 
moval and disposal of the excavated material. It can be selected only by an 
= examination of the principal phases of the excavation operations, namely: (a) 


of the material for excavation; (b) excavation; and (c) haul of 


the | Material for —For common material 
; £ no preparation } is requir ed, and for soft rock preparation may or may I not be 
“Ty required, depending on the selection of excavation equipment. Ff or medium 
hard rocks, preparation requires systematic: drilling and blasting, the 
~ extent of which is determined by the character of the material and the type and 


types and sizes 


‘is; 


of the large quantity of materials involved, is of 1 major, ‘if not controlling, im- 


eae =. where it i is excavated to the point of disposal—by truck, railroad, belt convey er, 


scraper, scow, or other methods. 

Be as bors the spice of the excavation and its location i in relation to the dispos: sal s area, 
¥ nee _ the gradient between the two points, the location for suitable haul roads or con- 
_veyer lines—and i in the « case of scow haul by the availability of water trans 


"portation between the point of excavation and the disposal area, — 

¥ et: Because the alinement of the proposed Panama , sea-level canal ts takes ad- 

é ae : ‘tebe to Miraflores Lake are higher than the excavation, and are at an average 
distance of more than 5, 000 ft from the center line of the canal. ‘The bottom 
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However, a small part of the excavation (that above El. 270) could be hauled — 
economically by trucks because the difference between that elevation and the ’ - 
‘spoil areas would be sufficiently small to permit removal with an ‘average haul * 
of about 1 mile. . In some locations, truck haul could be used economically _ 
below El. 270. 3 ‘The exact elevation would be » dependent on the location and - 
-devation of the dry spoil areas as. well as on the haul distance to the wet spoil a 
The difference in elevations between the bottom of ‘a cut and the disposal — 
areas would require approximately 5 miles of railroad on a 2% grade for the 
entire distance. _ Removal by this method, therefore, \ was not considered feasi- 

i; The large amount of rainfall in this area, combined with the adhesive or 
sticky quality of the shale which forms a large part of the excavation, and the a 
necessity for breaking the material into small sizes do not favor the use of belt 
conveyers. In some sections of the canal excavation, this method might be - 


sed d successfully | but: it does not appear feasible or economical for the operation 
‘asa whole. 


a The lack of suitable » spoil areas within | reasonable a overland haul distances 
led to the consideration of a method of disposal i in areas in Gatun Lake remote 
fom existing and future channels. — _ Actually, this use of Gatun Lake is not new 
since the lake has been used for wet disposal of excavated materials since it was 
first created. _ The principal new problem which this method of disposal pres- 7 
cata, therefore, is that of effecting the transfer of dry excavated materials to 
suitable haulage equipment and their transportation to the ‘dumping areas. 
These areas could be made accessible to railroad d haul, averaging 15 miles, but 

I trestles would have to be constructed in Gatun n Lake. Furthermore, it was 

/ found that the material could be hauled more economically i in scows. The 
Gatun Lake spoil a: areas : are readily accessible to bottom dump : scows and have <7 

rapacity for more than 3,000,000,000 cu yd of spoil material below El. 65. 
Accordingly, a method of dry excavation was developed so that, the material 
‘ould be handled directly into scows to take advantage of the low cost water 
transportation. The haul distance from point of excavation to point of dis- 


posal would vary from 1 ny to 23 miles and would a average . about 15 miles. 


= 


= as by scow haul. 


The initial auxiliary barge channels would enter the sea-level canal — 
ftom the lake through natural inlets, or in some instances by way of an inlet ae 
wa channel excavated to connect with the present canal. In constructing the 
targe channels, a pilot cut 180 ft wide to El. 90 would be made first along the 
kngth of the cut, followed immediately by a channel 110 ft wide. excavated 4 
to El, 65, giving the channel a depth | of 20 ft with the lake surface at El. 85. a = : 
Material adjacent to both sides of the > barge « channel “would be excavated to 
90 casting directly, or recasting, into bottom scows in the barge 
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continued until the excavation | pet El. 90 had been laterally to 
the design side slopes at this elevation. _ All the material above El. 90 could be 
loaded or cast directly into the scows except that fer the excavation of the very — 
flat slopes, which would require -Tecasting or trucking of the material to the 
ae For the excavation of material below El. 90 to project depth (Fig. 99), the Ya 
barge channels would be blocked and dewatered progressively from one side a 
of the channel to the other, each being excavated in turn to project depth z 
After drilling and blasting, the material in each dewatered channel would be 
| removed by a dragline o operating from the 70-ft berm. separating the dewatered _ 
channel from the adjoining open or wet channel. Material below | El. 90 would 
be excavated in two steps. - In the first step, when the material was excavated 
to » El. . 0, the draglines v would pick 1 up the materials and load directly into ) the: 
scows. In the second step, below El. 0, ‘the materials would be cast on a 
bench and then picked up by draglines ¢ and loaded into scows. io - 
The sec scow haul method of disposal facilitates the construction of the broad — 
food- control dams in Gatun Lake. This method would materially reduce the 
construction costs of these dams because they could be built to El. 65 with so 
2,000-cu-yd bottom. dump. scows with very little extra haul distance. — The dam 
could then be raised by using smaller T barges, which would permit dumping to 
Bl. 75. 4 The , only important cost for the construction of the dams would be 
the special handling of a small part: of the material f from El. 75 to the required 
‘The scow haul method of disposal of all ‘material excavated below k El. 270 
™ vas adopted for construction planning purposes because it was the most eco- 
Btomical method. The dry spoil areas are favorably located for the disposal of 
material excavated : above El. 1. 270 and the u use e of 20- “cu-yd. trucks was adopted e 
tuck haul for material below El. 270 j jn some locations. 
Excavating Equipment.—The size and type of the unit and the type of 
material to be excavated are the principal factors in selecting the size of f shovel on “4 


| 


to be used. _ The capacity of the hauling unit should be equal to one or more 
times the load handled : at one time by the > excavator. _ For th the material hauled e 
; by truck, | studies have indicated that the 5-cu- -yd shovel would be the most 
“onomical type of equipment for leading 20-cu-yd trucks. 
| Large excavating equipment, shovels and -dragiines with capacities greater 
Bian 25 cu yd, has proved economical in strip-mining operations where there 
problem of transportation. E However, no records are available, involving 
a the use of these large shovels or r draglines, where the excavated material had — 
| be transported. scow haul method, previously described, using auxili- 
eo ty channels, would lend itself readily to the use of this large equipment. | 7 ‘This 
a quipment has a wide operating radius, which permits it to make a cut about 
189 ft wide. Fe ‘The large sv swinging radius of this equipment would | facilitate ~ se 


— @ channel. When a width of 180 ft had been excavated on either side ot “° iim a= 
e annel. another barge channel would be excavated parallel to it leaving a 70-ft — [2 # 
channel, another barge channel would be excavated paralle : 
||. 
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“This equipment could work high faces of 90 ft and. the size of the dippers 
: — require less drilling and blasting of the hard material. iy Also, the rugged 
construction of the large scows WC would withstand the loading shock of the ma- 


terial deposited by the large dippers. * Furthermore, the large equipment would 
less operating personnel the same ‘volume of material excavated 


_ ‘The lack of mobility of the large equipment would not be a serious disad- 


a "act vantage on this job because the excavation is highly concentrated. Large 


= quantities of material would have to be removed for each position n of each piece 
of equipment, because of the great depths and widths of cut. For the fore- 


going reasons, the large excavating equipment, having buckets of 25-cu-yd 
a 

capacity or greater, was adopted for construction planning purposes wa al 
excavation of practically all the material below El. 270. 
Drilling and Blasting. —The methods of excavating and of f hauling ail 
Bc have a a definite bearing on the type and quantity of drilling and blasting re- 


¢ 


quired. character of the n material to be blasted determines t the ‘selection 
the» type of drilling « equipment. The: spacing of holes and the amount of 
blasting, expressed in terms of pounds « of powder per cubic a are determined 

by the size of the hauling, loading, and drilling equipment. 
sk pr The classification of the material to be drilled and blasted is in in Table 
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and economieal for soft and medium rocks; ‘and the onieeies or churn drill 
Excavation with small shovels would b be on rather low faces , about 30 ft high, 
eet ands would : require fairly close. spacing of drill holes varying from 8 ft by 8 ft 


i 


7 


ae the hard rock, drilled by percussion-type wagon drills, to 18 ft by 18 ft for @ horn 


for the soft rock, which would be drilled with rotary drills. fort 


Bo ae - Most of the dry excavation, 700,000,000 cu yd out of 750,000,000 cu yd, + dr 

be handled with the large shovels and draglines, 25 cu yd and more, and “that 
Bs it hauled i in larg ge scows. ‘The digging height of the large shovels is about 90 ft, digg 
and | therefore depths of drilling of 90 ft. would be ‘practicable. The size of the “capa, 


wi 


pest 3 aS - dippers and the fact that the scows could accept pieces as large as those handled initia 
the dipper, would permit 30-ft by 30-ft spacing of the drill holes in soft 
eae oe and medium rocks, materially reducing the cost of drilling. _ For the hard ‘rock, 


os na aes drilling could be done to the full depth of the 90-ft faces, but coyote or tunnel 


3 blasting would be employed to effect savings in drilling and in blasting. 
oe The weight. of powder required would vary with the material, size of blast, 


Bess. and local conditions. — Past experience in the Canal Zone indicates that the 


powder requirements v will vary between } Llbp per cu yd for the soft rocks to }lb 
per cu yd for the hard rocks, when the drilling and blasting are done in the dry. 


level requires the development of presi equipment for excavation to the un- 
ecedented depth of 145 ft below the existing level of Gatun Lake. It also 


— 
q 
“vio 
‘on 
ni 
ini 
np 
— calls Tor subaqueous drilling and blas m 


April, 1948 


>= wary, 


B cavation of common on material and | 1 soft rock, such as the Gatun aes. 


the 
to 1b 
edry. 


to sea 
he 
It also 


ANAMA CANAL 


‘they will be discussed first, followed brief d of proposed con- 

Dredge Design Contracts. —To obtain the views advice of the dredging 
- industry as a whole regarding the feasibility of dredging to depths of 145 ft, a = i. 
preliminary conference was held in Philadelphia in March, 1946, attended by 
_ Tepresentatives of thirty d dredging contractors, dredge designers and builders, hs ind 
} the Corps of Engineers, and The Panama Canal. At this. conference, problems 
involved i in construction of | a sea-level cable. were discussed, and was the 


Hydraulic.................Panama Contractors 145 


‘Revised aaa of the bucket-ladder dredge show that, with the ladder 
at a 45° inclination with the horizontal, the maximum dredging depth would | 
f= Panama Contractors, organized especially for the hydraulic dredge con- 
tract, is a combination of the Atlantic Gulf and Pacific Company, aoseeall 
Dredging Corporation, and Gahagan Construction Company. 

_ The maximum dredging depth of 148 ft specified f for the hydraulic : and a 


bucket-ladder dredges is that — for excavation to grade, working from the bs 


dredge of this type can sag excavate. It is proposed, 
that dipper dredges will excavate rock to an 85-ft depth, followed by deep- 
digging bucket-ladder dredges, excavating to grade. Bucket-ladder dredges, 
‘tapable of dredging to a maximum depth of 90 ft, would also be utilized for a 


initial rock excavation. _ The hydraulic dredge would be used only for the ex- 


Development designs 2 and cost estimates for the construction of the three types eo 


Hydraulic ‘Dredge.—In present hydraulic dredge the main 


ing the dredged materials to the pi pump from depths of 40 ft or 50 ft, is sufficient e - 


r the dredge is located near the water surface. _ Atmospheric pressure, in forc- 3 Meet im 


tosupply ample velocity head, overcome friction losses, and support a column 


of mixture having a density substantially greater than that of water. As deeper . .2 an : 


dredging is undertaken, | the entrance loss and velocity head remain the same, ae 
but the friction head and the pressure necessary to support the columns of — oa 
nixture increase. Various schemes to bring a richer mixture to the dredge = 
bump were considered, st such as utilizing nozzles in the suction , depressing the 


devation of the main pump, placing a propeller-type pump in the suction, or 54 See 


ed ese two considerations are 
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design of a dredge ladder 200 ft long and of on sup- 
- porting the booster pump | and attendant machinery; and, second, the e design of a 
a spuds and a . spud frame to hold the dredge i in place. 7 Both designs ¥ were devel- _ 
oped sufficiently to indicate that they are entirely practical. Siew 1 
_ The deep- dredging ladder is provided with buoyancy tanks (Fig. 100) for a 
‘a assistance in hoisting and for better stress distribution. The booster pump is ee 
enclosed in a cofferdam to permit removal of from the booster 
when the ladder is not completely raised. 
Ro For holding the dredge i in place for deep dredging, 2 a honk extending 90. ft 
below the water surface is used to hold the. spuds. _ This frame, which is braced Phy 
m. to the hull, would be replaced by shorter frames when | dredging to more con- 
a ventional ‘depths. The frame would consist of two main vertical members of _ 
—_— size and section to serve as wells for the spuds which would extend rE * 
- below the wells to a ‘depth of some 160 ft. 7 Fig. 100 shows a schematic layout ¢ of 


» - the hydraulic dredge are as follows 8: 


265 ft long, 60- tt biases and 20 ft in ie? 


. Steam turbine, reduction gears, 8,000 hp 
normal, and 10,000 hp maximum 


Electrically driven from turbogenerators 
Electrically driven, 2,000 hp to 2,500 hp 
.. Electrically driven from shore, 8,000 hp 


Bucket- Leider Dredge.— ‘The bucket-ladder dredge has been used quite | ex- 


tensively in Europe for many types of subaqueous excavation and is generally 
- ‘Tecognized as a European development. It was the most successful type of 
_ hedge used by the French a at the Panama Canal, and and under the American 2. 
_ gime several of the old French bucket-ladder dredges | were rebuilt and placed | 
‘ in service, one of these remaining in commission until 1920 . Use of the bucket-_ 
ladder dredge i in the Western Hemisphere, the Dutch East Indies, the Federated . 
: Malay States, and Russia has been confined principally to placer mining for gold, 
a platinum, and tin. n. The bucket-ladder dredge would be used on the a oi 
¥ Canal I project for excavation of blasted rock, work which has been performed — 


ae 


it can dredge to 
co to a depth of 124 ft, and 200- ft dredging depths have b been seatagie 
future by ke leaders i in the placer dredging industry 


decided that the last scheme wa cticable of those considered. 

shows a general arrangement of tne ladder and booster 
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dredges of two limiting digging are under considera- 
Mae ‘tion—one for dredging toa -maximum depth of 90 ft and the other for r dredging 
ars to a maximum depth of 145 ft ft. The general s scheme of operation would be to 
utilize the 90-ft dredge for to 90-ft. depths, followed by deep-digging 
= - dredges for excavation between 90-ft and 145-ft depths. For excavation to 90 
below level, hull of length could be utilized than for 
hae = g ladder could be reduced from 230 


ay 


Pe 


viously be than the 145-ft dredge. ‘machinery 

es of both sizes would be identical to permit interchangeability of parts. 
: van he The major item of cost involved in rock excavation in the wet is that of 
a Eo drilling and blasting, and, in general, unit costs decrease rapidly as the nies: 

23 __between drill holes is increased. In the bucket- ladder dredge design, therefore, 
it was desired to provide the practicable buckets to permit ‘maximum 
spacing of drill holes. Consideration was given to bucket sizes of 6 cu yd, 5 
eu yd, 4 cu yd, 3cuy yd, and 2 cu yd. _ Representatives of the contractors and 
The Panama Canal agreed that the 2- -cu- -yd bucket i is the maximum size that 


should be adopted, because of difficulties in . casting very large buckets ar a 


- because of the tremendous weight of the digging ladder and the bucket chain 
e= a is 2-cu-yd bucket has three times the capacity of the largest buckets now 


4 
> ‘ buckets having capacities up to 2cu yd, but the working conditions that they 
5, encountered were not severe, the maximum dredging depth being only about 50 
ae ft and the material exc excavated being sand, silt, shell, and clay. _ The b bucket- : 


in use in placer dredging. © és A few European dredges have been equipped with 


ladder dredge Corozal, _ formerly - owned by The Panama Canal, was s equipped 
ay wi with 2-cu-yd buckets for soft digging and 1}-cu-yd buckets for rock excavation. 
Spoil disposal would be accomplished by scows, loaded by conveyers on the 
starboard and port sides of the dredge. Consideration was also given to 4 
*aeee. stern conveyer system composed of the necessary conveyer unit for final = 


posal of spoil ‘ashore. However, detailed study indicated that the latter 
method of disposal is is 3 not desirable because of the very long conveyer | mg a 


e quired and | because of difficulties in n designing the spud arrangement. 
elimination of the stern conveyer system, spud design i is simplified. ‘Fig. 


_ shows an elevation of f the proposed bucket- ladder ‘dredge, — games 


> 


developed under contract are as follows: 
Dimensions of Hull, in Feet— 


‘ _ Power; number of 1 600- )-hp, deisel electric engines with identical 


Main drive, in horsepower. . 
Total connected load, in 


— 
Quantity 
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Dipper Dredge.—The ‘dipper dredge i is a for rock excavation, 


‘its principal limiting factor being that of digging depth, since the time required 
for the digging cycle i increases s rapidly as depths increase. _ Although, under the 
-deep- dredging plan, the dipper dredge contemplated could not excavate ‘to 
final grade f from the existing level of Gatun Lake, its maximum dredging depth 
of 85 ft is considerably i in excess of that of any dipper dredges previously de- 
veloped. _ Furthermore, large quantities of hard rock are located above the 
_ 85-ft depth in Gatun Lake (that is, above El. 0) w ithin the economical « digging 
range of the dipper dredge. After | canal construction, the —— dredge could © 
. ‘The dipper dredge design incorporates a balanced hoist and a walking stern 
“spud, which are shown diagrammatically in Fig. 102, 
= balanced hoist consists of a movable connected to the 


for the dead toads of the and so t that practically the . 


entire hoist motor po power is available for digging. The movable counterweight 
islocated atthestern, 


a 


bee _ The stern spud would be mounted as a trailing or walking spud in a well at 
_ the stern of the hull. © For the purpose of controlling the angular movement 
os applying power to walk the spud or push the dredge ahead, a powerful 


— ram on the main deck would be pin-connected to a heavy frame 


Vea bye: The dredge would be electrically operated from a 4 ,000-v, three-phase, 60- 

cycle alternating current generated aboard by four identical diesel engine gen- 
erating sets. combination of any three sets would provide sufficient power 


apy 


Power; diesel > power from 1,000- engines 


500,000 
Drilling and ‘Blasting for Wet —Preparation of rock for 
excavation under the deep-dredging plan uires subaqueous drilling and 


blasting to depths far in ‘excess of those ever encountered i in canal 


cavation. * Therefore, it was considered necessary to determine the effects of a 


these depths, as compared to conventional depths, on (1) drilling and blasting 


- operations, including maneuvering of equipment and rate of drilling; (2 (2) re 


quirements of explosives; and (8) dimensions of the blasted rock. —_— 
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‘Fre. 102.— 


ae To obtain the desired information, a 
i conducted in which rock was drilled, blasted, ene excavated in three lifts of 
age approximately 25 ft each from 50 ft to 125 ft below water surface. An accu- 

tae = “rate record was kept of all drilling, loading, and blasting operations to determine — 
drill performance, the difficulty and time required for maneuvering equipment, 
ee setting | casing, and loading. Fragmentation of the excavated material was _ 


observed to ascertain the effect of hydrostatic head on breakage. same 


¥ 


AY 


quantity of explosive p per r cubic yard was used for each lift. esti a 
drilling was as performed | by rotary drill, mounted ona with 


ary y winches for maneuver ing. Excavation was accomplished by derrick barge i! 
equipped with a 3-cu-yd clamshell the test, it was concluded 


Drilling operations with a properly designed drill boat are not apprecia- 


bly affected by the depths of water that would be encountered in the aaa 


oe _ (2) The effect of increased depth o of water or (within the limits of this test) | 


= 


same unit loading a and hole spacing for 


required major reconversion with resulting Furthermore, 
; aie sufficient data regarding drilling rates at conventional depths with the e 
ed. cussion | and 1 rotary types of drills were available to permit reasonably accurate — es 
5 Soe conversion of deep-drilling results 3 with one type of drill to those that might — os 
In the preparation of estimates for drilling, blasting, ‘and dredging, rock 


eo been divided into three classifications—soft, medium, and hard—on the basis ~ 
of extensive core borings. Experience o1 on the Panama Canal indicates that, 


.. = ae lower, using the rotary type of drill. For hard rock, drilling rates of the rotary 
andy percussion 1 drills are almost equal, or - slightly favor the rotary type, but bit 


es fet Costs are higher for the rotary drill. The net result is that in hard rock the 
eae drilling cost per foot for the rotary drill may | be somewhat higher than that for ; 

oa the pe percussion type. 2. This latter factor, however, is not important because hard 
Bir rock comprises only 5% of the total subaqueous drilling a and | blasting in in the i 
or of the deep subaqueous drilling. and blasting. 


Wet Excavation Procedure e.—Excavation would be performed it in the dry 
i oe a “throughout the Gatun Lake section to El. 90 (5 ft above normal lake level) and + 
throughout the Miraflores Lake section to El. 60 (6 ft above normal Miraflores 
Lake level). _Excavation below El. 90 in | Gatun Lake and below El. 60 in 


| 
Miraflores Lake, except for certain sections adaptable to dry excavation 


hind plugs, would be performed by dredges. — Dredging ¢ conditions in both the 
Atlantic and Pacific sea approaches: are suitable use of existing hydraulic 


aon 
toc 
exe 
exe 
85 
Th 
out 
30 
on 
Fo 
eas 
B 
bu 
= 
di 
an 


"a “be performed to depths of 85 ft or r less; and about 45% of the total 1 dredging, 
to depths of 65 ft or less. o] ‘Therefore, a a number of present- day dredges that can 
- excav ate to a a depth of 65 ft with minor or no alterations and some dredges — 


capable of excavating to 85-ft modification ¢ could be 
Plans contemplate the use of conventional hydraulic dredges for the i initial be 

_ excavation of common material to a depth « of 65 ft, or possibly toa depth of _ 
85 ft. &, Common material from the bottom of the initial excavation to a depth — 

: of 145 ft would be removed by the 40-in, hydraulic ¢ dredges previously rhea 
The number of passes or lifts that would be required i in excavation to final grade 


_ would vary with materials and their ability to flow to the dredge suction with- -. ar 


‘a out objectionable caving of the’ bank, but usually the excavation would | be 
— in about 30-ft lifts. — E Hydraulic dredge spoil would be pumped to. 
- the nearest available disposal area, and | for most. of the material i in Gatun Take 


only a floating pipe line would be. requir red. Pipe-line lengths v would vary. from 
3, 000 ft to 12, 000 ft and, when in 1 excess sa about 5,000 ft, shore- powered boosters - 


sides of the canal s so that ‘io be : no interference with traffic. 


Following the removal of common material or ‘overburden hydraulic 


_ dredge, ‘rock would be drilled and blasted for subsequent removal by dipper yee 
dredges. if not all, of the drilling and 


eld be performed by rotary drill boat. 


a Blastholes would be overdrilled the equivalent of one half of tthe hole spa spac- s 
Ang, W which would vary from 10-ft centers in hard rock to 14-ft centers in soft 
Tock, Iti is anticipated that lifts of about 30 ft each would ‘usually be blasted, 

but this estimate would vary ‘considerably, depending on local conditions and 

“type of excavating machinery utilized. Future drilling and | blasting tests may 
"indicate the desirability of drilling and blasting to grade in one operation. 
--Blastholes would be drilled approximately 6 in. in diameter, and for the larger Ba: 

- blasts as much as 20,000 lb of dynamite would be fired i in one shot. ay es ; 
Following drilling and blasting operations, rock would | be excavated 

dipper and bucket-ladder dredges, loaded into 2,000- eu-yd dump ScOWs 
é towed to the dumping grounds by 1,500- hp tugs. . ‘Spoil from the Gatun Lake _ a 


utilized in the construction of the flood-control dams 


is presented in this paper are feasible and show a decided s saving — 
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